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The system CaO-Ca0O- A]l,03-2CaO- Fe,Osg is 


of importance to portland cement chemistry 


because it provides information on the composition of the iron-bearing phase in cement 


clinker. ; 
Iron-bearing solid solutions in the system we 


extending from 2CaQ-Fe,O3 to 6.45CaQO-2.31Al1,03-F,03. 


lished to show the composition of the iron-be 


phases during the course of crystallization of mixtures within the system. 
been located for the regions of principal interest. 


from those reported by previous investigators. 
in equilibrium with CaO and 3Ca0O.-Al,Os at the 
in Fe,O3; than that reported by Swayze. 
work of Swayze and of Yamauchi. 


1. Introduction 


In“its effect on the constitution of portland cement 
clinker, Fe,O, is next in importance to the three 
principal components CaO, Al,O,, and SiQ,. Le 
Chatelier [1]* postulated the existence in portland 
cement clinker of a ternary compound of calcium, 
aluminum, and ferric oxides having a_ possible 
formula 3CaQO-Al,O,-Fe Os. In their pioneering 
work on the system CaQ-CaO-Al,O;-CaO-Fe,Os, 
Hansen, Brownmiller, and Bogue [2] discovered a 
continuous of solid solutions between the 
compound 2CaQ-Fe,O, and what appeared to be 
a compound, 4CaQ-Al,O,-Fe,O;. The latter phase 
(ALO,/Fe,0, weight ratio 0.64) was believed to 
constitute the end of the solid-solution — series. 
Commercial portland cements are ordinarily of 
higher Al,O,/Fe,O; ratios than 0.64. The existence 
of a series of solid solutions in the region of lower 
ratios was, therefore, not of primary interest to 
portland cement chemists at that time, because it 
appeared that the iron-bearing solid solutions 
would rarely, if ever, be found in clinker. 

Based on this earlier work, Lea and Parker [3] 
investigated the system CaQ-2CaO-SiO,-5Ca0O- 
3AL,0, *-4CaO-Al,O,-Fe.O;, treating all of the cal- 
cium aluminoferrite phases as having the compo- 
sition 4C'aQ-Al,O,-Fe.Os. 

Further work on the ternary system CaQ-Ca0O- 
Al,O,-4CaO-Al,O;-Fe,0, was done by MeMurdie [6] 
who studied in detail the extent of solid solutions 
within that system. His compositions and two of 
the temperatures for the ternary invariant points 
differ from those reported [2] earlier. Certain dis- 
crepancies noted between the calculated and ob- 


series 
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Othe 


re found to exist as a continuous narrow band 
Additional tie lines were estab- 
aring solid solution phase (Fss) and liquid 
Isotherms have 

Compatibility relations differ somewhat 
The composition of the iron-bearing phase 
» ternary invariant point proved to be lower 
r results are in general agreement with the 


served compositions of the iron-bearing phase in 
some commercial clinkers led to independent investi- 
gations by Yamauchi [7] and by Swayze [8] of the 
system CaQ-5Ca0-3 Al,O;-2CaO- FeO; and by Swayze 
(9] of the quaternary system CaO-5Ca0O-3Al,0;- 
2CaO-Fe,O;-2CaO-SiO, and of the same system as 
modified by 5 percent of MgO. These investigators 
discovered that the solid solution between 2CaO.- 
Fe,O; and a hypothetical 2CaQ-Al,O; extended 
beyond 4CaQ-Al,O,-Fe,Os, in which the molar Al,O,/ 
Fe,O, ratio is unity. This discovery was of impor- 
tance to the cement industry because it showed that 
the composition of the principal iron-bearing phase 
in most commercial clinkers is not fixed but may 
vary with the chemical composition of the clinker. 
Changes in the compositions of these iron-bearing 
solid solutions can affect significantly the constitu- 
tion and properties of the clinker. Swayze [8, 9] 
reported that the solid solutions of interest are con- 
fined to the pseudoternary system CaQ-5CaQO.- 
3Al,0;-2CaO-Fe,O;. His diagram for the ternary 
system differed in a number of respects from those 
of the earlier investigators. 

Although the extension of the iron-bearing solid- 
solution series in the ternary system to higher 
Al,O;/Fe,O, ratios than 4CaO-Al,O,-Fe,0, has been 
confirmed by several investigators, there is some 
disagreement among them as to the limits of this 
series. Swayze placed the high-Al,O, limit at the 
composition 6CaQ-2Al,0;-Fe,0; (molar Al,O;/Fe,0, 
ratio of 2.0) whereas Yamauchi [7] and Malquori 
and Cirilli [10] placed it at a ratio of 2.2 and 2.3, 
respectively. 

Solid solution was pictured by Swayze as being 
limited to a straight line extending from 2CaQ-Fe,O, 
to the composition 6 Ca O.2A1,0,.Fe,0, in the ternary 
system. Yamauchi referred to the solid solution 
series as being confined to a “swelled straight line.” 
The composition 4CaO.-Al,O,-Fe,O, is a solid solution 
on this line [7, 10]. Some solid solution departing 
from the line is also indicated in the data of 
MeMurdie [6] who noted that 4CaO-Al,0,-Fe,0, can 








take into solution up to 5 percent of 3CaQ-Al,O,, 
5CaO-3Al,0,, or CaO-Al,O,. 

Because the composition of the iron-bearing phase 
is vartable, it is necessary for the investigator to 
depict on the phase diagram the changing composi- 
tion of these crystals as crystallization (or melting) 
proceeds by means of tie lines or conodes. Two tie 
lines were given by Swayze in each of the diagrams 
representing the ternary, quaternary, and quinary 
systems. The number is not sufficient, however, to 
permit one to follow the course of crystallization 
within each system. 

The present study was undertaken in order to rec- 
oncile differences in published data on the ternary 
system. It also has the purpose of obtaining addi- 
tional information on the system, especially the es- 
tablishment of a sufficient number of tie lines to per- 
mit computation of the approximate composition of 
the calcium aluminoferrite phase throughout the 
crystallization of mixtures within the system. This 
information has an important bearing on the consti- 
tution of portland cement. 


2. Experimental Methods 
2.1. Preparation of Mixtures 


All compositions were synthesized from reagent 


grade calcium carbonate 5S. L. (low-alkali type), 
Fe,0;, and Linde type-B alumina (99.9% AI,O,). 


These materials were dried and then weighed in the 
correct amounts to give 10-g¢ samples on ignition: 
After an initial mixing for several hours in glass jars, 
the mixtures were ground in an alumina mortar to 
pass a No. 325 sieve. Each mixture was heated for 
three periods of at least 2 hr in the range 1,100° to 
1,310° C before being studied. Following each burn, 
the sample was ground, screened, and remixed. Com- 
position gradients within the individual crystals, 
because of changes in the liquid composition during 
crystallization, were unlikely because the tempera- 
ture of first liquid formation for nearly all mixtures 
studied was above 1,310°. The exceptions, five 
mixtures with compositions in the CaO-Fe,OQ, com- 
patibility regions, were heated 15 hr or more at 1,180° 
C to insure homogeneity. These mixtures were used 
for quenching experiments and for differential ther- 
mal analysis. Further heat treatment was given 
selected compositions prior to examination by X-ray 
diffraction methods. 


2.2. Temperature Measurement and Control 

Temperatures in the furnace were measured with 
a platinum—platinum-10%-rhodium thermocouple 
calibrated at melting points defined as follows: 
CaMgSi,0,, 1,392° C and BaO-2SiO,, 1,418° C. The 
furnace was maintained at constant temperature 
within +0.5° C by means of a controller of the type 
developed by Mauer [11]. 


2.3. Methods of Investigation 


Phase relations in this system were investigated 
by differential thermal analysis (DTA) and the 
standard quenching technique. The DTA studies 
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made use of a pellet method [12] developed jn the 
Fellowship laboratory. In the quenching technigy 
presintered mixtures of oxides were held in ply. 
inum envelopes at constant temperature for 9 br 
until equilibrium was reached between solid and 
liquid phases, and then quenched in water, Tp 
identification of phases was based on the results of 
microscopic examinations and X-ray powder diffnyp. 
tion patterns made with a Philips high-angle diffry. 
tometer using CuKe radiation. 

For studying final products of crystallizatigy 
small quantities of 17 glasses with compositions jy 
the vicinity of the iron-bearing solid solution region 
and near invariant points, were collected by quend. 
ing from above the liquidus. After devitrificatip 
in platinum capsules at 1,300° C for approximate 
40 hr, the charges were removed from the furng» 
and mixed by grinding in a boron carbide morty 
This procedure was used to insure attaining equilih ' 
rium among the solid phases. <A portion of ead 
sample was then mixed with 5 percent by weight ¢ 
pure tungsten powder as an internal standard prig 
to X-ray powder diffraction study. The diffractig 
patterns showed that all samples were well erp 
tallized as a result of their heat treatment, Tp 
important portions of each pattern were scanned g 
a speed of 1/8°/min over the range 15° to Lif 
(20) using a 0.003-in. receiving slit, and a tim 
constant that was small as compared with the tim 
width [13] of the slit. 

Tie lines in the system were determined } 
microscopic study and X-ray powder patterns ¢ 
selected mixtures. Chosen compositions in tk, 
primary-phase region for the calcium aluminoferrij 
solid solution (Fss) were quenched at a temperatw 
about 1° C below that at which the secondary crys 
talline phase appears, after being held long enoug 
to reach equilibrium. By measuring d),: for 4 
series of peaks found in the patterns, and correlatig 
these with d,,, values determined for the soli¢ 
solution series, the composition of the solid solution® 
equilibrium with the liquid and the secondary phas 
was determined. The tie line through points » 
the phase diagram representing the original mixtur 
and the solid-solution phase intersects the boundary 
of the Fss primary-phase region at the liquids 
temperature corresponding to the appearance of the 
secondary phase in crystallization of the original 
mixture. 








3. Results and Discussion 


3.1. General Information on the System 


The phase diagram for the condensed ternary sy 
tem CaO-CaO-Al,O,-2CaO-Fe,0, developed in the 
present investigation appears as figure 1. The dit 
gram contains a considerable amount of new infor. » 
mation on tie lines, isotherms, compatibility regions, 
and the extent of the calcium aluminoferrite soli! 
solutions in the system. The binary invariant pome 
for CaO-C3A, C,A-CyA;, and C,,A;-CA were dete 
mined by Rankin and Wright [15], and that for 
CaO0-C,F by Swayze [8]. Experimental data @ 
which the diagram is based are given in table | 
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Quenching and DTA data for mixtures in the system CaOQ-CaO-AkLO;-2Ca0- FeO; 


Composition 


62. 01 


Quenching 
tempera 
ture 


Observed temperature 

| of phase changes (DTA) 

Phases present —————————— 

|First liquid) Other phase 
| formation changes 


Mixtures having CaO-Al,O; as primary phase 


All glass , 
Glass+rare CA 
Glass+some CA 
Glass+C A+much CyAr 
All glass 

Glass+a little CA 
Glass+C A+much CywAr-- 


All glass 
Glass+very rare CA.. 
Class+some CA 


All glass 

CA liquidus 

Glass+trace of CA 
Glass+moderate amount of CA. 
Not sintered; CA+Fss+trace Cy.A7 


(CA liquidus 
Glass+very rare CA 


: 335 
Glass+trace CA... sheed 
Glass+small amount of CA. 

Glass+ very rate CA.i 

Glass+CA 1, 345 


+much CA 
Fss phase appears 
much CA-+rare Fss_.-. 


Glass 


All glass , 
CA liquidus 
Glass+ | 
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‘aQ-CaO- AloO;-2CaO- Fe2O; showing isotherms, ti 


e lines, and the 











TABLE 1. Quenching and DTA data for mixtures in the system CaO—CaO- AloO;—2CaO- Fe2O;—Continued 


Composition Observed temperature 
(Weight percent Quenching of phase changes (DTA 
Mixture tempera Phases present 
No. ture 
CaO CA Cok First liquid Other phase 
formation changes 
} 
Mixtures having 12CaQ-7Al,Oy, as primary phase 
1, 377 All glass 
1, 376 CA; liquidus 
1, 37 Gilass+rare Cy)Ar. 
52 18. 09 67.01 4 1, 356 Glass+moderate amount of CyoA 
Index of CwA 1.614+0.004 
1, 338 Glass+much CyA 
1, 335 Not sintered in packet 
1, 393 C A> liquidus 
| 1, 391 Mostly glass+rare CyA 
| mw 11.59 “4. 41 19.0 ‘ 1, SS8Y CA ippears as second phase ‘ 1, 333 
1,387 | Glass+CywAr+rare CA 
| 1, 338 Glass+C »A:+C A+ Fss | 
1, 351 All glass 
1, 349 C A> liquidus 
54 1s. 19 67.81 180 1, 346 Glass+verv rare CywA 
1, 336 Glass+C » A;+ Fss 
| 1, 333 Not melted 
1, 352 All glass 
1, 351 Cy,A> liquidus 
= - 1, 349 Glass+rare CoA - 
1 “ » 
0s Ht. 98 OF. G8 2. 1,336 | Glass+CA:+CA+Fss 1. & 
1, 334 First liquid 
1, 333 Not sintered; Cy,A;+CA+Fs 
1, 358 All glass 
, : . 1, 357 CA: liquidus 
ou BS] 4 24 1 356 Glass+trace CyA 
1, 342 Glass+C »A;+ Fss4¢ trace C A+quench j 


growths 


Mixtures having 3CaQ- AlyO, as primary phase 


1,466 «+ Estimated C);A liquidus 
1, 465 Gilass+rare CyA : 
. - 2 on 1. 460 CGilass+some CsA 1, 338 j 
13 24. SY 0. 1 ‘ 1, 381 Glass+C3A 
1,377 CywAr appears as second phase 
1375 Glass+C;A+trace C 
| 
1, 402 All glass 
| 1, 400 CA liquidus 
. we 0 1, 399 Glass+smal! amount of CyA 
‘4 2. SI “4. 19 1, 305 Glass+C3A 
1, 304 Cy2A; appears as second phase 
1, 392 Glass+C3A+C yA 
1, 40 All glass 
1, 401 CsA liquidus 
} 1, 400 Glass+rare C 
| 1 ”). 59 69. 41 I 1, 379 CGilass+C 3A 
Index Cy A =1.715+0.002 
1, 375 CwA ippears as second ph ist 
1,372 Glass+C,A+very rare CywA | | 
| 1, 356 Gilass+CyA } 
9 23. 57 6. 43 Ww 1, 352 Cy.A; appears as second phase 1, 33 
| 1,348 | Glass+CyA+much CpA 
| 1, 353 Glass+lots of CyA } 
13 22. 2 (2.74 l 1, 352 Glass+C,A+some CyA 1.3 
| 1,344 Glass+much C3;A+much CywA | 
1, 36 ll glass 
1, 365 C3A liquidus | 
53 18. 49 69 72 1s. 73 1, 364 Gilass+rare CyA 
* be. J 1. 348 Glass+C,A | 
1, 347 CyAr appears as second phase 
1, 346 Glass+C 3A+CyAr+quench growths 
1, 384 All glass 
1, 383 CsA liquidus) .. 
a = -™ 1, 381 Gilass+rare C 3A 
| “ a9. Se 2. 6 . 1, 356 Giass+moderate amount C3A 
| 1, 355 Fss ippears as second ph ist 
| 1, 354 Glass+C,;A-+a few Fss crystals 
| 
| { 1, 392 All glass | 
oo - on - 1, 390 (CsA liquidus 
S 2. 95 we. US 2 1, 388 Glass+C;A+quench growths | 1, 338 1, 353 
t 1,355 Glass+C;A+Fss+quench growths 


| 1, 515 All glass 
61 0. 77 62. 23 8 1, 514 C:A+¢lass 
| 1, 512 Glass+much Cy,A 
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TABLE 1 Quenching and DTA data for mixtures in the system CaO—CaO- AloOs—-2CaO- Fe2O;——-Continued 


Composition Observed temperature 
Weight percent Quenching of phase changes (DT A) 
Mixture tempera- Phases present 
No ture 
CaO CA Cok First liquid Other phase 


formation changes 


Mixtures having 3CaQ- Al)O; as primary phas« 








1, 486 All glass 
1, 483 (CsA liquidus) 
a _ 1, 481 Glass+a few C;A crystals ons o 
2 26. 5 1 4 ss 1,375 | Glass+much C;A . 1, S38 1, O08 
1, 373 (Fss appears as second phase) 
1, 37 Glass+C;A+very rare Fss 
1, 384 All glass ‘ 
; 10 & 3 - 1, 382 (CsA liquidus . ‘i 
. * | 1, 380 Trace C3;A+glass ‘ 
1, 366 Fss+C;A+¢lass 
| 1, 384 All glass 
1, 382 (CsA liquidus 
. oo 6. 64 . 1, 380 Glass+rare Cy,A 
” 1, 372 Glass+rare C,A 
1, 371 (Fss appears as second phase 
1, 370 Glass+rare C,;A+Fss 
1, 444 All glass 
1, 442 (CsA liquidus 
P ' 09  O 1, 440 Glass+trace of CA 
. = 1, 387 Glass+much CsA 
1, 385 Fss appears as second phase) 
1, 383 Glass+much C;A+some Fss 
1, 383 All glass 
1, 382 (C3A liquidus 
" s 4 1. O06 ) 1, 378 Glass+small amount C3A 
| 1, 377 F ss appears as second phase 
1, 370 Glass+C;A+ Fss+quench growths 
| 1, 439 All glass 
1, 439 CysA—Ca0O liquidus 
{ i. ? . : 3m 
, = 1, 438 rrace CaO+trace C;A+¢lass “ aheed 
| 1, 436 C,;A+glass+few quench growths 
1, 304 All glass 
1, 392 (CA liquidus 
; 1, 390 Glass+rare C,;A+quench growth 
at. 4 A 1, 387 Glass+rare CsA 1, om 1, 381 
1, 385 Fss appears as second phase 
1, 384 Glass+C,A+Fss 
1, 391 All glass 
1, 390 (C3A liquidus 
“— 1, 389 Gilass+rare CsA 
tw } , 
is 5S. ¢ 1,387 | Glass+rare CsA os 
1, 386 (F'ss appears as second phase 
1, 384 Glass+C,A+Fss 
1, 402 All glass 
| 1, 395 Glass+quencn growths 
“ 12.60) 3. 63 1, 392 C;A liquidus 1, 389 
1, 389 Glass+a__litth C;A+ Fss+quench 
growths ; 
Mixtures having CaO as primary phase 
1,611 CaO in glass. Liquidus not deter- 
mined 
‘ r 63. OS 1, 525 Glass+CaO 
1, 522 (CsA appears as second phase 
{ 1, 520 Glass+Ca0O+rare CyA 
1, 618 All glass 
1, 615 CaO liquidus 
Ro 1) 1,611 Glass+rare CaO 
” - 1, 500 Glass+CaO 
1, 497 (CsA appears as second phase 
1, 404 Glass+Ca0+small amount of CsA 
1, 520 All glass 
1, 517 (CaO liquidus 
M4 52. 5 20 1,515 Glass+rare CaO . 
= . . 3S 
1,472 Glass+Ca0O I, oS 
1,470 (CsA appears as second phase 
1, 468 Glass+Ca0O+trace CyA 
mat) 25. 62 10.90 34.39 1, 532 CaO+¢lass 
| 1, 308 All glass | 
‘ 1, 397 CaO liquidus ‘ 
2 2 10, 43 ‘OO 1 306 aes Cal)-t-ainen 1, 388 
i 1, 305 Ca0+C,A+elass 
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TABLE 1. Quenching and DTA data for mixtures in the system CaO—CaO- AlgO;-2CaO- Fe2O;—Continued 


Composition Observed temperature 
(Weight percent Quenching of phase changes (DTA) 
Mixture . Rive : tempera Phases present 
No ture 
CaO CA CoF First liquid Other phase 
formation changes 


Mixtures having CaO as primary phase 


f 1,380 Barely sintered, X-ray shows Fss + 
1, 384 do... 
1, 388 Little glass+much Fss+rare CaO 
" o +C,A+growths 
GH 21. 20 oS. SY 40, OD 1, 390 Little glass+Fss+little CaO+C3A 
+growths. 
1, 394 Mostly glass+rare CaO+little Fss 
+growths 
| \ 1, 400 Mostly glass+rare CaO, no Fss seen 
| 1, 473 All glass 2 ---|] 
4s 23. 18 28. 32 18. 50 1, 470 (CaO liquidus 1, 387 1, 399 
1, 468 Glass+a little CaO | 
| 1, 455 All glass..... ] 
32 21. 13 28. 99 419. 88 1, 453 (CaO liquidus 1, 389 1, 402 
{1,451 Glass+a little CaO_. 
| { 1, 530 Glass+trace of Ca0+quench growths } 
49 19. 59 18. 11 62.3 1, 498 Glass+trace of CaO 1,415 
| | 1, 480 Glass+small amount of CaO | 
| 1, 42 Glass+quench growth } 
35 16. 73 18. 74 64. 53 1, 536 (CaO liquidus 1, 416 
| 1, 532 Glass+trace of CaO+quench growths | 
| 1, 539 Glass+very rare Ca0O+quench 
. > - = growtDs. rn 
” 12. 68 10. 3: = | 1, 534 Glass+rare CaO+quench growths | I, &2 
1, 520 Glass+Ca0O+quench growths ; 
| 
, f 1, 449 Glass+quench growths \ , 
I ‘ ’ 1, 440 Glass+Ca0+quench growths. J 1, 38 
Mixtures baving Fss as primary phase 
1,370 All glass - 
1, 355 (Fss liquidus). 
R 17.77 62.93 %) 1, 351 Glass+rare Fss 
; aii 1, 341 Glass+ Fss } 
} 1, 340 (CyA?r appears as s¢ cond pb ase i 
} 1, 339 Glass+ Fss+trace of CyA7 
{| 1,350 All glass o-- 
| 78 12. 46 #2. O1 25. 53 1, 356 (Fs liquidus : j 
| 1,352 Glass+Fss.......-.--. 
| 1,379 All glass_. 4 ’ : i 
71 8.0 s ‘4 1,374 Fss liquidus). ‘ ‘ 
| 1,370 Glass+a little Fss 
1, 384 All glass. - : } 
- . 1, 383 (Fss liquidus 1, 334 1, 367 
1. 66 
: 18. 34 = ° | 1, 381 Glass+trace of Fss 
1, 377 Glass+moderate amount Fss a j 
1, 400 All glass 
- 6.2 | 1, 397 Fss liquidus 
F 1G. 3 my oie } 1, 395 Glass+small amount of Fss 
1, 393 Glass+ Fss_. 
1, 390 All glass | 
. ~ — ; 1, 389 Fss liquidus 
15 17.03 47. 97 3 1’ 386 Glass+Fss 1 s 1, 36 
1. 370 Glass+Fss+C3A } 
“ 1,411 All glass r : —_ . \ 
. 1S. 8 6.3 asin 1, 374 Glass+much Fss 
st 18.4 43,84 Ae. © gehen. ‘Oe a ‘ 1, 3S 
1, 400 All glass ) 
1, 396 (Fss liquidus | 
3Y 17. 24 44.49 8. 27 1, 393 Glass+ Fss+quench growths » 1, 385 
1, 391 C;A appears as second phase | 
1, 389 Glass+ Fss+C:A+quench growths 
| 1, 398 All glass . aan a 
7 " e 
CyAst 16. 02 15.1 32S } 1, 397 (F ss liquidus 1. 367 1 280 ' I mp 
1, 396 Glass+a little Fss , | Exper 
1, 388 Glass+much Fss { f 
ure 
1) 13. 3 ws.) 0 l ,9 1 35 
: . tempe 
27 11. 06 47.81 41.13 1, 381 Glass+Fss+quench growths 1, 342 1, 382 order 
* Made by M. A. Swayze. sentec 
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TABLE 1. Quenching and DTA data for mixtures in the system CaO—CaO.Al,0;-2CaO .Fe,0;—Continued 


7 
Composition Observed temperature 
Weight percent Quenching of phase changes (DTA) 
Mixture 7 tem pera- Phases present Eee ec 
No ture 
CaO CA C?F First liquid) Other phase 


formation changes 


Mixtures having Fss as primary phase 


‘ 2 on 44. 28 0 f 1,403 All glass a : . 1 1,371 1, 386 
_ 4 \ 1, 397 Glass+quench growths__. j | 
{ 1, 394 All glass..... , = . ] 
26 21.18 38. 82 40 1, 393 Glass+ Fss+Ca0O+quench growths 1, 388 jomenainn 
| 1,386 No glass, Fss+C3;A+quench growths | 
16 14. 41 40. 59 45 1, 410 All glass. ‘ . 1, 383 
| 1, 420 All glass } 
13. 10 $6. 90 WO 1, 418 (Fss liquidus) , 1,399 
| 1, 416 Glass+ Fss- | 
; | 1,411 Of re —_ sidcdian | 
a 9 - on 1, 408 Glass+quench growth. . a + 
31 ] 4) 30. 79 53. O01 1, 406 (Fss liquids) 5 a an 1, 390 1, 401 
| 1, 405 Glass+rare Fss. paeodies - 
37 14 31. 61 54. 39 s aaelihieds s cea saiiieiebebebaiaed sopaneisan 1, 388 1, 399 
| 1, 426 All glass___. toni 2---------|} 
CyAF 11. 54 32. 52 5. 04 1, 424 (Fss liquidus : 1, 403 pinata 
| 1,422 Glass+trace of Fss | 
1, 410 All glass . 
‘ —— 1, 409 (Fss liquidus ‘ on ‘ 
4 33 O74. 64 ’ : . ——— ‘ 396 
vies a3. SI : 1, 408 Glass+ Fss+quench growths . | 1, 338 1, 300 
1, 400 Glass+ Fss+quench growths 
‘ f 1, 410 Glass+quench growths | = eee 
+0) 3 9.2 D 
' ' a. 41 nae ( 1,361 Glass+some Fss+quench growths. ...!{ 1, 323 1, 366 
‘ on on f 1, 434 Glass+quench growths. ‘ on venues ee ee 
: 10. 48 a0. 3S ~ \ 1, 421 G lass+ Fss+quench growths. SES OE eee ae 
{ 1, 423 Glass+few quench growths-... } 
17 117 25. 83 65 1, 421 (Fss liquidus) ile : 1, 412 1, 422 
| 1,419 Glass+ Fss+quench growths. _. | 
3 7. 8 22. 14 70 ; “a petcaiade a 1, 428 1, 433 
| 1, 425 Glass+quench growths.._. —_ | 
~ ” 1, 416 Glass+ Fss+quench growths . . 
4 l { r » 0 . 
. . a6 “4 1.414 CaO appears as second phase sabia | 1, 416 
1, 412 Glass+ Fss+Ca0+quench growths. 
| 1, 418 Glass+Fss+quench growths. ........ | 
1.417 CaO appears as second phase... . on 
is » if ; “ “ g » 
be a =a | 1, 416 Glass+Fss+a _ little CaO+quench- | 1, 415 1, 423 
growths 
4] s 20. 57 70. 78 1, 418 es 
CyAlI 7. 4 20. 85 71.4 1, 427 suai 
42 $. 57 21.48 73. 95 ‘ 1, 420 _ _ 
$3 74 22. 12 76.14 1, 206 1, 409 
18 f 18.4 7 1, 421 1, 428 
1, 421 Glass+ Fss+quench growths. } 
) 6.04 15. oF 78 1, 400 Glass+ Fss+quench growths . 1, 423 - 
1, 391 Glass+ Fss+small CaO crystals 
i 1, 430 Glass+very rare CaO ots : — 
=> = 4 7 a9 } 1,422 Glass+ Fss+quench growths- ..-. , —_ aan 
= | 1, 421 (CaO appears as second phase | ‘ 
1, 420 Glass+ Fss+Ca0O+quench growths...) ........ nndunetn 
’ #2 11.07 S “ 1, 426 1, 430 
| , > 38 on j 1, 464 Glass+quench growths__. on aoecesun 
ee . | 1, 457 Glass+quench growths 
20 1.31 3. 69 5 . eee » . 1, 430 « 
Cok 100 on 1, 439 


lemperatures reported are accurate within +5° C. | the phase relations. The compositions of mixtures 
Experience with repeated determinations of tempera- | studied are shown in figure 2. 

ture for the same phase change indicates that the | Primary phase regions occur for CaO, 3CaO-Al,O;, 
temperatures are reproducible within +2° C. In | 12Ca0O-7Al,0,;, CaO-Al,O;, and calcium aluminofer- 
order to conserve space, not all of the data are pre- | rite solid solutions (Fss). The three calcium alumi- 
sented here but only those that suffice to establish | nates contain small amounts of CaO and Fe,O, in 
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Figure 2. Equilibrium diagram of the pseudo-ternary system 


CaO-CaO- AlgO;-2CaO-Fe20; showing compositions studied | 
and primary phases. 
solid solution. The approximate limits of the ecal- | 
cium aluminate solid solutions, shown in figure 1, are 
taken from data reported by McMurdie [6] and 
by Yamauchi [7]. 

In general, phase boundaries and two of the in- 
variant points determined are close to those reported 
by Swayze [8]. Some minor differences (table 2) 
exist in the compositions and temperatures of the fn- 
variant points at which (1) CaO, 3CaQO-Al,O,, and a 
calcium aluminoferrite solid solution (Fss) and (2) 
3CaO-Al,O;, 12CaQ-7Al,0;, and Fss may occur in 
equilibrium with a liquid phase. To recheck differ- 
ences between previously published data and the 
present work, a direct comparison has been made 
between mixture G64 synthesized by Swayze as the 
eutectic composition, and our No. 26 which has 
almost the same composition. The results are listed 
in table 1. In our study of Mix G64, all samples 
were held at temperature for 2 hr as described in the 
section headed Experimental Methods. 

The composition determined in the present work 
for a third invariant point (E;, fig. 1) at which 


TABLE 2. Invariant points for the pse udotern 
Phases Autherity 
CaO 
W. C. Hansen, L. T. Brownmiller, 4 
ind R. H. Bogus 
CaO-C,A-Fss (or CAF H. F. MeMurdi« 53 
M. A. Swayze 51.4 
Present investigation 51.1 
W. C. Hansen, L. T. Brownmiller, 17 
CyA-CywA;, (or CsAs)-Fss ind R. H. Bogus 
uso CyAF or CeAokF H. F. MeMurdi« 1s 
M. A. Swayze 4 
Present investigation is. 4 
- C. Hansen, L. T. Brownmiller 42 
CywA; (or CsA))-CA-Fss (or ind R. H. Boguc 
CyAP). H. F. MeMurdie 45 
Present investigation ‘ 45.1 








12C'aO.7Al,0,, CaO-Al,O,, and Fss can COeXist Wit 
liquid in reasonable agreemént with that : 
MeMurdie [6], although the temperature is approsi 
mately 10° higher than that reported by him. _ 

The diagram presented in Swayze’s report depicts 
a primary phase region for 6CaO-2A1,0;-Fe,0, dg 
tinct from the region of variable Fss COM positiqy 
In the present work, however, the composition 9 
the calerum aluminoferrite phase in equilibrium wi 
liquid was found by X-ray powder diffraction meg. 
urements to change continuously with Lem peratyyp 
over its primary phase region, and no second inp, 
bearing phase appeared. Along the E,-E, boundg, 
(fig. 1), however, the change in the Fss COM positiy 
was so slight that it was not considered in constrye, 
ing the diagram. 

The compositions of the Fss phases in equilibriyy 
at the invariant points and the assemblages of fing 
crystallization products also differ from those ». 
ported by previous investigators [2, 6, 8]. The 
results will be discussed in greater detail in the ge. 
tions that follow. 
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3.2. Calcium Aluminoferrite Solid Solutions 


In figures 1° and 3, a single-phase region of 
cium aluminoferrite solid solutions is designated } 
the shaded area extending from 2CaO-Fe,O, toway! 
the CaO-CaO-Al,O, boundary of the system. 

X-ray powder diffraction patterns of devitrifid 
glasses with compositions along the line XJ 
(fig. 3) confirmed 3CaQ-Al,O, and Fss to be th 
final products of crystallization for 6CaQO-2Al,0,-Fef 
and neighboring glasses with higher CaO content 
These compositions are, therefore, not in the sing 
phase (solid solution) region, but are on the high/ 
CaO side of it. Mixtures No. 40 and 27, on th) 
other hand, each showed CaQO-Al,O, and Fss #| 
devitrification products and are on the low-Call 
side of the Fss band. 

In figure 4 the ratios of intensities of selecte 
diffraction peaks for 3CaQ-Al,O, or CaO-Al,O; | 
those of a peak of the tungsten internal standan! 
in the same pattern have been plotted against th 
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For reasons of limited space, compounds and phases 


vols For example: C=CaO; A=AhO FeoOs; and Fss=calcium-alumm 
ferrite solid solution. Thus, C,AF=4Ca0-AloO,y FeoO 
ary system CaO—CaO- AloO.—2CaO- FecOgn 
Composition percentage 
lempera- 
ture, +5° ( 
ALO FeO CaO CaO-AbO, 2CaO-FeeO 
C 
37 ’ 1, 40 
32 15 1, 370 
25.0 23.6 1, 380 
2 22. 4 20.8 41. 38. 2 1, 389 
| 
‘ 10 1, 335 
ts 4 1,335 
10.5 11.0 1, 335 
10.3 11.3 18.3 62.4 19.3 1, 336 
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the pse udo-ternary system CaQ-Ca0O. AleOs-2CaO- FeO; with 
tie lines and typical crystallization paths. 
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Ficure 4. Relationship between the CaO content and the rela- 
tive intensities of selected 3CaQO-AleO; and CaQ-AleO; peaks 
as compared with standard tungsten peaks in X-ray powder 
diffraction patterns of devitrified glasses with compositions 
along the line XY (see fig. 3 

percentage of the CaO component for these de- 

vitrified glasses. The approximate width (2% CaO) 

of the solid-solution band in this region has been 
determined by extrapolating the two curves ob- 

tained by the above procedure to a zero ratio. A 

similar treatment (fig. 5) gives the approximate 

width of the Fss band along line P-Q (fig. 3) at 
4CaO-ALO,-Fe.Oy. 

For compositions on the line R-T in figure 
3, the secondary phase on the low CaO side of 
6CaO-AL,O,-2 FeO, CaO-Fe,O, (with a small 
amount of CaO-Al,O, in solid solution). Most of 
the principal diffraction maxima for the latter com- 
pound correspond closely to those for some members 
of the caleium-aluminoferrite solid-solution series. 
Because of this interference the low CaO limit of 
the Fss band could not be determined as closely in 
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this region by the X-ray diffraction method. It 
was observed (table 1), however, that the differential | 
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Figure 5. Relationship between the CaO content and the rela- 


tive intensities of selected CaO and CaQ-AlO; peaks as com- 
pared with standard tungsten peaks in X-ray powder diffrac- 
tion patterns of devitrified glasses with compositions along the 
line PQ (see fig. 3). 
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Ficure 6. Selected interplanar spacings (dy) characteristic 
of the iron-bearing solid-solution phase for mixtures along the 
line C2F-L (fig. 1). 


Dotted lines show compositions of Fss phase at ends of tie lines. 


temperature curves in DTA patterns of mixtures 
with compositions found by the X-ray method to 
be near but outside of the solid-solution band con- 
tained two peaks, whereas curves of mixtures within 
the band contained only one. This characteristic 
made it possible to define more closely than by the 
X-ray method the limit of solid solution in the 
6CaQO.Al,O,-2Fe,0, region in the direction away 
from the CaO vertex. 

Unit-cell dimensions for the Fss phase in com- 
pletely crystallized mixtures with compositions in or 
near the single-phase (solid-solution) band are 
plotted as a function of composition in figure 6. 
These dimensions are based on interplanar spacings 
obtained from X-ray powder diffraction patterns by 
the authors, together with indices reported by 
Malquori and Cirilli [10]. A change in the slopes of 
the curves for ao, bp, and ey in figure 6 occurs near the 
composition 6CaO-Al,O;-2Fe,0;, which may repre- 
sent an ordering of the structure. Lattice parame- 
ters continue to change with further compositional 
changes to point L, however, and the region is, there- 
fore, shown on the phase diagram as one of continu- 
ous solid solution. 
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TABLeE 3. 


Designation Authority 


1. Solid solution limit (high-| W. C. 
AlpO; end). 


Hansen, L. T 46.1 21.0 
Brownmiller, and R 
H{. Bogue. 


CeAoF _ M. A. Swayze....... 48. 07 29.12 
Solid solution limit .| T, Yamauchi--. 
Solid solution limit.......| G. L. Malquori and C 
L. Cirilli. 
Solid solution limit Po'nt | Present investigation 17.78 31.13 
L (fig. 1). 
2. Composition at Ca0- 
C3A-Fss invariant 
point: 
Point B (fig. 1). - Present investigation 45.95 23. 06 
Point VIII...........| M. A. Swayze 45. 57 18. 01 
Sl senues et W. C. Hansen, L. 1 45. 1 21.0 


Brownmiller, and R 


H. Bogue 


In figures 1 and 7, point L designates the limit of 
solid solution, determined in the present investiga- 
tion, in the direction of the CaO-CaO.Al,Q, bound- 
ary. The composition represented by point L agrees 
well with those reported by Yamauchi [7] and by 
Malquori and Cirilli (see table 3). It contains less 
ferric oxide than the composition 6CaO-.2Al,O,.Fe.Qx. 
Composition L is the solid solution in equilibrium at 
invariant points E, and E;. The solid solution in 
equilibrium at point E, corresponds to point B 
(table 3). 

The changing composition of the caleium-alumino- 
ferrite solid-solution crystals (Fss) in equilibrium 
with liquid with changing temperature is depicted 
on the phase diagram (figs. 1 and 3) by a series of -tie 
lines, 

Throughout the Fss primary region, large vari- 
ations in composition have little effect on liquidus 
temperatures. This behavior causes the composi- 
tion of the liquid formed in a mixture in this region 
to reach a primary-phase boundary only a few 
degrees below the liquidus temperature. The tie 
lines of importance, therefore, are those that indicate 
the compositions of the Fss phase in equilibriun with 
liquids on the phase boundaries and at invariant 
yoints that bound the Fss region. Seven such tie 
ines have been established in this investigation. 
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Figure 7. Final products of crystallization in pseudo-ternary 


system CaO-Ca0O.- AleOs-2Ca0O.- FeO 


Significant calcium aluminoferrite solid-solution compositions for the pseudoternar 


Composition percentage 


(1) CaO-3CaO-Al.O,-Fss(B ) | 
2) 3CaQ-Al,O,-12CaO-7Al,O,-Fss(L) 1 
(3) 12CaQ-7Al,0,-CaO-Al,O,-Fss(L) 1 
(4) CaQO-ALO,-Fss(B)-CaO- FeO, ( 





tallization on a phase boundary. 
areas are designated in figure 7 by their final products 
of equilibrium crystallization, viz: 


{ 

(s 
(. 
(2 
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Molecular formula 


Fe,0 CaO =(CaO0-AhLO; 2Ca0-Fe,0 

32.9 11.4 32. ¢ 6. 4CaO-Al,03- FeO, 

22. 81 16.0 45.1 38.8 6Ca0-2A1201-Fe20y 
_ 6.2Ca0-2.2A]205. Fess 
0 5 --.--- | M4.9by weight is 
21.09 15.7 i. 0 36.3. 6.37CaO-2 28A 1205 Fe: 
30. 99 11. 0 35. 75 §2.75.. 4.3Ca0-1.1Ah0>- Fed, 
36. 42 10. 07 27. 92 62.00 on A 
32. 9 11.4 32.6 0 1Ca0-AbO FeO 


3.3. Crystallization in the System 


In the pseudoternary system CaO-CaO-Al,0, 


2CaO-Fe,O ; there are 11 areas in which composition 
may fall with regard to their final products of equi 
| librium 
figure 7. 
completed (or melting begun) at an invariant point, 
These are the composition triangles ® with their rp 
spective invariant temperatures: 


crystallization. These are designated jy 
In only 4 of these regions is crystallization 


389° C, 
336° C, 
335° C, 
Invariant 
point out 
side psee 


, 
’ 
’ 


dosystem 


limits. ) 


Mixtures with compositions in any one of the 


above four triangles will, on heating under equk | 
librium conditions, begin to melt at the temperatur 
indicated, 
formed will be that of the invariant point (table 2 
and fig. 1) at which the three designated crystalline 
phases can exist in equilibrium with liquid. 
versely, on cooling these mixtures, the last bit of 
liquid will have the composition of the invariant 
point and will disappear at the invariant tempers 
ture. 
crystalline phases at the vertices of the triangle. 


The composition of the first liquid 


Con- 


The specimen will then consist of the three 


Compositions in 6 of the areas complete their crys 
These two-phase 


1) CaQ-Al,O,+ Fss(L-B) 
2) 3CaO-Al,O,+ Fss(L-B) 
3) CaO-+ Fss(B-C,F) 

4) CaO-Fe,0,+ Fss(B-C,F) 


solid solutions (3¢ ‘aQ- Al, ), + 12C'aO-7Al,05) 


) 


— 


9 
(6) 2 solid solutions (12CaQ-7 Al,O,+ CaO-Al,0;). 


6 As indicated in figures 1 and 7, all of the compounds listed, except CaO, com 
tain some material in solid solution. 
however, and of little importance in comparison with the range of caleium alum 
noferrite solid solutions (Fss : 
solid solution, is used in the text only to designate the calcium aluminoferrite 
series, or single compositions in this series 
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The variations in composition are small, 


For convenience the symbol “‘ss”, indicating 3 
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In each of the six areas, the temperature at which 
a liquid is first formed on heating, or disappears on 
cooling, varies with composition, At least one of the 

wroducts of crystallization, however, will consist of a 
solid solution whose composition will also vary with 
the composition of the mixture. 

Thus for the triangle labeled “C4 F'ss(B-C Yer)” 
(fig. 7), the products at complete equilibrium crystal- 
lization will consist of CaO and a caleium alumino- 
ferrite solid solution whose composition is between 
point B and CLF. , 

For a given mixture in one of the six 2-phase areas, 
the final composition of the Fss phase is determined 
by a line from the composition of the other crystal- 
lization product through the composition of the mix- 
ture, and extended to the boundary of the single- 
phase Fss are: (largest shaded area). The point at 
which the line intersects this boundary is the com- 
position of the Fss crystallization product. An 
example in figure 3 is composition G: a line from the 
CaO vertex through G intersects the boundary of the 
shaded area at H, the composition of the Fss phase 
in mixture G when crystallization is completed. 

In the 11th area, the shaded Fss area, all composi- 
tions after crystallization consist of one phase, a 
calcium aluminoferrite solid solution having the same 
composition as the original mixture. 

In addition to the 11 areas discussed above, 
shading near 3CaQO-Al,O, and 12CaQ-7Al,O, in figures 
1, 7, and 8 indicates solid solutions along the lines 
3CaO-Al,O,-V and = 12CaQ-7Al,0;-W_ respectively. 
There is also a small shaded area near CaQ-Al,O, 
representing a ternary solid solution just beyond the 
pseudosystem boundary. The product of crystal- 
lization of compositions in each of these regions is 
also a single solid solution. 

Compositions in the shaded portions of the diagram 
complete their crystallization at temperatures for 
corresponding points on the solid-solution solidus. 
These points are below the projected liquidus surface 
in figure 1, and for those regions the solidus tempera- 
tures cannot be determined from the figure. All 
mixtures studied do have Fss as an equilibrium prod- 
uct of crystallization and the first liquid formation 
temperature is the solidus temperature for the Fss 
phase that is present. The temperatures of first 
liquid formation are given for most of the mixtures 
in table 1, and for mixtures in the Fss primary phase 
region these solidus temperatures can be compared 
directly with the corresponding Fss liquidus tempera- 
tures. 

The pseudosystem CaO-CaO.-Al,O,-2Ca0O-Fe.O, is 
unusual inasmuch as it contains examples of most of 
the major types of equilibrium crystallization. 
Furthermore, the system contains an extensive 
series Of ternary solid solutions with intermediate 
and end members (B and L, respectively, fig. 1) 
that exhibit some of the characteristics of incongru- 
ently melting compounds. These complicate the 
crystallization process. 

It should be noted in figures 1, 3, and 8 that the 


liquidus maximum on the phase boundary separating 


the 3CaO-Al,O,, and the Fss primary phase regions 








occurs not at the intersection of the boundary with 
the line V-B, but at a nearby point where the tie 
lines from V and from the single-phase Fss region 
(the large, shaded area) become collinear. Similarly, 
the maximum on the boundary between CaQ.Al,O, 
and Fss regions occurs at the point where the tie 
lines to Z and the single-phase Fss region become 
collinear. A similar configuration was reported by 
Roy and Osborn [14] for the system Li,O-SiO,- 
Li,O-Al,O5-48i0,-SiO». 

Almost any composition to be encountered in the 
ternary system can be classified under one of four 
types of crystallization to be discussed here. The 
exceptions are compositions in the shaded regions 
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Fiaure 8. <A_ portion of the equilibrium diagram showing 
paths of crystallization followed by typical mixtures within 
the system. 


C;A and Cy; solid solutions are treated as having the constant composition 
V and W. 


(figs.1 and 7) for which, as mentioned previously, 
only approximate liquidus temperatures and final 
crystallization products can be dtartiinet from the 
ternary diagrams. 

For convenience, the equilibrium crystallization 
of compositions in the system will be discussed in 
terms of cooling chosen mixtures from a temperature 
at which they are completely melted to a temperature 
at which all liquid disappears. It will be assumed 
that equilibrium exists in all phases throughout the 
process, although this situation may be difficult to 
approximate in actual practice. 

As the first example, consider the composition 
(fig. 8) represented by point K in the triangle 
CaQ0-C,A-B. On cooling this mixture, crystals of 
CaO appear at the liquidus temperature. With 
continued cooling, CaO continues to crystallize and 
the composition of the liquid moves along the line 
K-K, until it reaches the point K, on the CaO-Fss 
phase boundary. With further cooling, the composi- 
tion of the liquid follows the CaO-Fss phase boundary 
from K, to the eutectic at E,. Both Fss and CaO are 
in equilibrium with liquid in this temperature range. 
After the liquid composition has reached E, (at the 
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eutectic temperature, 1,389° C), crystals of 3CaO. 
Al,O; appear. At the minimum heat content, the 
charge will be completely crystallized and will con- 
sist only of CaO, Fss(B), and 3CaQO.Al,O,. 

The crystallization of a composition M (Mix No. 
22, table 1) in the triangle V-W-L follows a somewhat 
more complex pattern. On cooling M from its 
liquidus temperature of 1,615° C, CaO crystallizes 
as the primary phase and the liquid composition 
moves directly away from the CaO vertex along a 
line M-M,. At M,, 3CaQ-Al,O, appears as a second- 
ary crystalline phase. With further cooling, the 
liquid composition then moves down the boundary 
between the CaO and 3Ca0O.Al,O, regions until it 
reaches point M,. In the temperature range in which 
the liquid composition is changing from M, to M,, 
the mean composition of the solid phases is changing 
from CaO to 3CaQ-Al,O,. Neglecting the small 


amount of solid solution in the calcium aluminate, | 
the mean composition of the solids at any tempera- | 


ture in this range is obtained by drawing a line from 
the corresponding liquid composition M,,. through M 
(the composition of the mixture) to the point Mj, at 
which it intersects the system boundary CaO- 
3CaO-Al,0;. When the composition of the liquid 
reaches Mg, all of the crystalline CaO will have dis- 
solved and the composition of the solid phase present 
will be 3CaQ-Al,O,;. On further cooling, therefore, 
the composition of the liquid will move directly 
across the 3CaQ-Al,O, primary phase region along 
the line M-M,-M,;. At My, crystals of a calcium 
aluminoferrite solid solution having the composition 
indicated by point Mg at the end of the interpolated 
tie line, M;-M3;, will then begin to crystallize. As 
the temperature is lowered, the composition of the 
liquid will move along the 3CaQ-Al,O,-Fss phase 
boundary to E, at 1,336° C at which point crystal- 
lization will be completed. Mixture M will then be 
composed of crystals of 3CaQO-Al,O,, 12CaO-7Al,Og, 
and Fss (L). 

During crystallization, the changing liquid com- 
positions for mixtures in the Fss primary phase region 
may be represented on the phase diagram by curved 
lines. The curvature results from the fact that in 
this region the composition of the solid (Fss) phase 
is also changing with temperature. 

In figure 3, a portion of the approximate crystal- 
lization path for mixture J in the Fss primary-phase 
region and the composition triangle CaO-B-C,F is 
designated by the dotted line J-J,. This path is 
typical of those for other mixtures in the same 
region. Additional crystallization paths in the same 
area are not shown inasmuch as compositions in this 
area form liquids having compositions on the CaOQ- 
Fss phase boundaries at only a few degrees below the 
respective liquidus temperatures of the mixtures. 

The composition J, is defined by that member of 
the indicated family of the tie lines which passes 
through J. After reaching J,, the composition of the 
liquid on further cooling will follow the CaO-Fss 
phase boundary in the direction of decreasing tem- 
perature until the solid solution, as defined by the 
family of tie lines, reaches a composition Jj on the 
straight line defined by J and the CaO vertex. 
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liquid composition at the conclusion of crystallizatiq 
is the end of the tie line from J;, or the point J,, 
final products of equilibrium crystallization for mi 
ture J will thus be CaO and an Fss phase having the 
composition 5. 

Other tie lines in the phase diagram design, 
compositions of the Fss phase found to coexist With 
designated liquid compositions along the phage 
boundaries. For intermediate points (such as J 
fig. 8), the approximate compositions of the @ 
existing liquid and solid phases can be determing 
by graphical interpolation of the given tie Jing 
For each mixture in a two-phase area, the Poin, 
which represents the composition of the liquid whe 
crystallization is completed will be on the phase 
boundary at the end of the tie line that conneg 
with the composition of the final Fss crystallizatiq 
product for the mixture. 

Mixture D (fig. 8) represents another  typied 
composition in a two-phase area. Here 3Ca0.Alp 
is the primary phase and it continues to crystalliz 
as the temperature is lowered until the liquid reach 
the phase boundary at D,. At this point, an inf. 
tesimal amount of Fss having approximately th 
composition D; (on an interpolated tie line, D,-D 
begins to crystallize. The liquid composition the 
moves along the C,A-Fss boundary until the sob 


solution composition reaches a point D defing, 


by the straight line through V and D. At the com 
pletion of crystallization, the liquid composition 5 
D,, the end of the tie line from Dj. Mixture D5 
then composed of 3CaQ-Al,O,, and Fss of com 
position Dé. 


4. Application to Portland Cement Chemisty | 


The extent to which information on the ternan 
system can be applied directly to the manufactur 
of portland cement clinker containing many com 
ponents is, of course, limited. Nevertheless, becaug 
of similarity of the phases actually observed in com 
mercial clinkers to some of those appearing it 
simpler systems, useful extrapolations of phase 


relations in these systems can help to explain the, 


behavior of the more complex compositions. 

It is generally conceded, as a result of previow 
investigations [2, 7, 8, 9], that the principal iro 
bearing phase in portland cement clinker is esset- 
tially a calcium aluminoferrite of variable compe 
sition. In commercial clinkers it is likely that thi 
phase contains also small amounts of additional 
components in solid solution. As a first approxims 
tion, however, its composition can be considered & 
falling within the limits of the shaded single-phase 
Fss area on the phase diagram in figure 1. 

It is evident from figures 1 and 7 that even the 
composition of the final Fss phase, formed by com 
plete equilibrium crystallization, can vary widely 
with different mixtures in the system, This vat 
ability results from the fact that there are wide 
ranges of composition (the six 2-phase areas) for 
which crystallization is completed on a phas 
boundary, rather than at an invariant point. The 
variability applies to the temperature at whieh 
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liquid is first formed or disappears in the different 
mixtures as well as to the composition of the Fss 


hase. 


CaQ-Fss region will the Al,O,/Fe.O, ratio of 


yhase 
as that of the 


the Fss phase always be the same 
original mixture. ; 

The one- and two-phase areas in the ternary 
system (fig. 7) may be expected to bound analogous 
regions in multicomponent clinker systems in which 
both the final composition of the Fss phase and the 
solidus temperature will vary with the composition 
of the mixture. Even if equilibrium were attained, 
therefore, for commercial portland clinkers the tem- 
perature at which liquid is first formed during 
burning, the quantity of liquid produced in the hot 
zone of the kiln, and the constitution of the clinker 
can differ considerably for cement raw mixtures of 
different Al,O,/Fe.O, ratios. The Al,O,/Fe,O; weight 
ratio in the iron-bearing phase can presumably vary 
with different mixtures from 0 to 1.476, with accom- 
panyving effects on the percentages of the other 
clinker constituents. 

Although the presence of Fe,O ; in the mix causes 
the formation of a liquid phase at a lower tempera- 
ture than if it were absent, increasing the percentage 
of Fe,O, in the raw mix does not necessarily cause 
easier burning, but may even have the opposite 
effect. Study of figure 1 reveals that mixtures 
whose crystallization is completed along the CaOQ- 
Fss phase boundary, or at E, (eutectic temperature, 
1,.389° C) will be more difficult to burn than mixtures 
completing their crystallization at invariant points 
E, and Es. 

Optimum conditions for proportioning and burning 
given raw materials of known chemical compositions 
to produce clinker of the desired constitution and 
burning characteristics cannot be determined from 
the phase diagram for the ternary system alone. 
Additional work is still required on portions of the 
quaternary system CaQ-Al,QO3-Fe,Q;-SiO,. Specifi- 
cally needed in the four-component system are addi- 
tional tie lines showing the compositions of the Fss 
phase in equilibrium with liquids along phase 
boundaries, and a further subdivision of the system 
into composition spaces that define the final products 
of crystallization within each region. Such a sub- 
division provides information on the quaterrary 
system analogous to that given in figure 7 for the 
ternary system. 


The authors are indebted to M. A. Swayze for his 
generous cooperation in making available to them 
for reference, his slides, mixtures, and notes on the 
ternary system CaQ-5CaQO-3Al,0,-2Ca0O-Fe,Os3. 
They also express thanks to A. C. Bonanno and 
R. L. Wadlinger for their help in obtaining X-ray 
and quenching data presented in this paper. 


Only in the single-phase Fss region and the two- 
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Heats of Formation of Diborane and Pentaborane 
Edward J. Prosen, Walter H. Johnson, and Florence Y. Pergiel 


The heats of formation of diborane and pentaborane have been determined by measure- 
ments of the heats of decomposition into amorphous boron and hydrogen in a calorimeter. 


The heats of formation at 25 
mole for diborane (gas) and 12.99 


1. Introduction 


In order to ascertain the bond energy relations in 


the boron hydrides, precise values of the heats of | 


formation of these substances from the elements are 
needed. Diborane, B.oH,, and pentaborane, B;Hg, 
were chosen for investigation as two of the simplest 
members of this class of compounds. 

The measurements reported in this paper were 
made in 1948 but have not been previously published. 
No value for the heat of formation of pentaborane 
was available at that time. The value for the heat 
of formation of diborane given by Roth and Bérger, 
44 keal/mole, [1,2]! was based on measurements of 
the heat of hydrolysis of diborane to boric acid, the 
heat of combustion of boron to boric oxide, and the 
heat of solution of boric oxide. This value was very 
uncertain because it depended directly upon the 
heat of combustion of elemental boron, a quantity 
which could not be determined with any precision. 
However, it was found that diborane and _ penta- 
borane could be decomposed quantitatively and 
rapidly at 600° C into amorphous boron and gaseous 
hydrogen. Hence this decomposition reaction could 
be employed calorimetrically to give values of the 
heats of formation of diborane and pentaborane 
independent of the value for the heat of combustion 
of boron. 


2. Experimental Procedure 
2.1. Materials 


The diborane and pentaborane samples were ob- 
tained from the Naval Research Laboratory, Wash- 
ington, D. C., through the courtesy of R. R. Miller. 
A similar sample of diborane supplied to the Ohio 
State University was found by the eryoscopic method 
to have a purity of 99.95 mole percent [3]. 

The pentaborane was produced by the fractional 
pyrolysis of diborane. A sample of the same lot 
supplied to the Ohio State University was found by 
the eryoscopic method to have a purity of 99.97 
mole percent {4}. Analysis by the mass spectrom- 
eter showed no impurities other than boron hydrides 
with none heavier than BsH, [5] 


2.2. Apparatus 
The calorimeter was of the isothermal-jacket 
type; the jacket temperature was maintained con- 


stant within +0.001° C during each experiment. 
Details of the calorimeter assembly have been 
described in previous reports from this laboratory 
[Cc - . 
(6,7]. 


_—_—_— 


Figures in brackets indicate the literature references at the end of this paper 
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C, from amorphous boron and hydrogen, are 6.73 + 0.52 keal/ 
0.39 for pentaborane (gas). 


The calorimetric vessel used for the decomposition 
of diborane and pentaborane is shown in cate b. 
It consisted essentially of a quartz tube (A) upon 
which was wound a nichrome wire heating coil (B) 
surrounded by a silver radiation shield (C) and a 
vacuum jacket (D). The heating coil had a total 
resistance of 190 ohms and was tapped (E) so that 
the upper portion had a resistance of 127 ohms. 
Quartz wool plugs (F) were inserted in the tube 
above and below the heating coil to retain the solid 
products within the heated zone. The exit vapors 
were carried out through the glass helix (G) to cool 
them to the calorimeter temperature. 

Calorimeter temperatures were determined by 
means of a platinum resistance thermometer in 
conjunction with a Mueller bridge. The quantity 
of electrical energy was determined from the current, 
voltage, and time of current flow. The current and 
voltage were determined by means of a White double 
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Ficure 1. Calorimetric reaction vessel. 








potentiometer from measurements of the potential 
drop across appropriate standard resistors included 
in the power circuit [8]. Timing of the experiments 
was done by reference to standard seconds-signals 
produced at the National Bureau of Standards. All 
equipment was calibrated in terms of standards 
maintained at the Bureau 





2.3. Procedure 


a. Reaction Experiments 


(1) Diborane. 
decomposition experiments is shown in figure 
The diborane was contained in a steel cylinder fitted 
with a needle valve and connected to the system 
through a flowmeter and a mercury float valve. 
Before each experiment the cylinder was immersed 
in liquid nitrogen, and traces of hydrogen (produced 
by slow decomposition of diborane into higher 
boranes) were removed by evacuation. After re- 
moval of the hydrogen the valve was closed and dry 
ice was substituted for the liquid nitrogen; at the 
temperature of dry ice, the vapor pressure of diborane 
is ag naga 2 atm and the vapor pressures of | 


The gas train used for the diborane 
) 





the higher boranes are negligible. Helium was 
passed through the system at a constant rate 
throughout the experiment. It was purified by 


passing successively over copper oxide at 600° C, 
ascarite, magnesium perchlorate, and phosphorus 
pentoxide before it entered the system. 
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Temperatures were observed at 2-min interyg 
during a 20-min “fore” rating period. At the eq] 
of this period the current was switched from anfq.! 
ternal ‘‘spill’” resistor (having the same resistane, 
as the heater) into the upper portion of the calog.! 
metric vessel. 
the needle valve was opened, which permitted tly 
diborane to pass into the vessel. The flowPy 
diborane was cut off after 16 min and the float yalp 
closed. Four minutes later the current was switched 
to pass through both portions of the heater: this 
completed the decomposition of the polymerigg 
material usually formed near the lower end of th 
upper portion of the heater. By means of appr. 
priate resistors in the circuit, the current was nearh 
constant in both cases. During this time reading 
of current and voltage were made on alternay 
minutes, and temperature readings were made 4 
l-min intervals. When the desired  calorimete 
temperature was obtained the electric current Was 
discontinued. Temperature measurements were cop. 
tinued at 1-min intervals until thermal equilibriuy 
was reestablished, after which observations wer 
made at 2-min intervals during a 20-min “after 
rating period. 

The gas mixture of helium and hydrogen passe 
out of the calorimeter through a trap colli iD 


liquid nitrogen, a copper oxide furnace maintained | 


at 600° C, and a weighed absorption tube containing 
magnesium perchlorate and phosphorus*¥ pentoxide 
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Ficure 2. 
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Gas train used in thermal decomposition of diborane. 
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FicurE 3. Gas train for use in decomposition of pentaborane (B;Hg). 


The trap was included as a safety measure, to pre- 
vent the diborane from reaching the furnace in the 
event of incomplete decomposition. No material 
was collected in the trap in any of these experiments. 

The quantity of reaction was determined from 


the amount of hydrogen which was burned in the 


furnace and collected in the absorption tube as 


> water. 





(2) Pentaborane. The train used in the 
experiments with pentaborane is shown in figure 
3. The pentaborane was inclosed in an internal 
breakoff ampoule. For each experiment the system 
was evacuated and a portion of the pentaborane 
transferred into the bubbling vessel. The experi- 
ments were carried out in the same manner as with 
diborane except that purified helium was bubbled 
through the pentaborane at 0° C in order to carry it 
into the calorimetric vessel. After each experiment, 
the remainder of the pentaborane in the bubbler, as 
well as that remaining in the original ampoule, was 
transferred to a second ampoule and sealed in 
vacuum. 


or. - 
gas 


b. Calibration Experiments 

The calibration experiments were performed in 
exactly the same manner and using the same system 
as with the decomposition experiments except for 
omission of the boron hydride. Because the system 
used for pentaborane differed slightly from that 
used for diborane, a separate series of calibration 
experiments was performed. 


3. Results 


_The results of the calibration experiments for the 
diborane system are given in table 1 

corresponds to the electrical energy added to the 
system, ARe the increase in resistance of the platinum 


thermometer, and £,=E/ARc, the energy equivalent 
of the system. 

The results of the diborane decomposition experi- 
ments are given in table 2, where q is the total energy 
absorbed by the system and is given by the following 
relationship: 


(ARc)(E,) =. 


This value of g when corrected for g,, the correc- 
tion calculated from the heat capacities of the gases 
involved, and subtracted from E, the electrical 





in which # 





TABLE 1.—Results of the electrical calibration experiments on 
the diborane system 
ic = ——— —_ ———— 3] 
Experi- E AR. E, 
ment 
j Ohm | j/ohm 
1 49480. 9 0.381239 | 129790 
2 50329. 8 . 387803 | 1297 
3 49804. 4 . 383708 1297 
4 51630. 9 . 397799 129791 
F 49551. 6 . 381761 | = 129797 
anal | ieeced 
Mean ‘ ; 129792 | 
Standard deviation of the mean... __| +3 
| 
TABLE 2. Results of the diborane decomposition experiments 
Exper- E AR. q de de BiH | ~AH 
iment | (25° C) 
j Ohm j j j Mole kj/mole | 
1 51311.2 | 0.397528 | 51506.0 0.6 | —284.2 | 0.010206 | 27.85 | 
2 48536. 9 379034 | 49195.6 | —2.2 —660.9 | .021851 | 30.25 
3 48557. 9 . 377216 48959. 6 2.3 | —309.4 . 015966 | 25.02 
4 49008. 7 . 379105 | 49204.8 | 11 | —195.0)| .007213 | 27.04 
5 | 487041 | . 376538 | 488716 | 0.3 | —167.2 | .005444 | 30.71 
Mean... 28. 17 
Standard deviation of the mean_....... acl. 06 

















energy added to the system, yields qg,, the energy 


absorbed by m moles of reaction, or: 

E—(q 

The heat of reaction at is then given by 
the ratio of qg, to m, or: 


A/T joules/mole. 


Je/m 


To convert to the conventional thermochemical 
calorie, the following relationship was used: 


1 calorie= 4.1840 joules. 


The results of the calibration experiments on the 
pentaborane system and the results of the penta- 
borane decomposition experiments are given in 
tables 3 and 4, respectively. 


Results of the 
the pe ntaborane system 


TABLE 3. electrical calibration experiments on 


Experi E AP FE. 
ment 
| Ohm ohm 
1 48651. 0 0. 374654 120856 
2 19904. 1 384457 120804 
3 $8058. 8 370289 120787 
] 4$9314.9 3TUSS4 129833 
5 147.3 STAIYI 129730 
6 $8495.49 373680 1290779 
7 $8657. 3 374996 120754 
8 18529. 6 373886 129708 
Mean 129704 
Standard deviation of the mean \4 


TABLE 4 Results of the pe ntaborane decom position experiments 
Exper E AP. q de le RsH All 
iment 25° C 

j Ohm Vole ki/mole 
l 19008. 5 0. 386650 SOISS. 6 +04 Ist 0. 003409 54.77 
2 $9709. 6 384273 sOR7H. 3 0.1 1H. 8 OOZSSY 57.74 
3 49802. 4 385107 499084. 6) +). 2 182.0 OO3560 51.12 
4 {9806.8 385605 Mune. 2 +1.2 241.2 004353 55. 41 
5 49709, 2 385471 MSL. 4 +1.2 $21.0 OOW037 53. 17 
6 51323. 6 . 397303 51567. 5 +0. 8 243. 1 004508 53. 93 
Mean 7 4. 36 
Standard deviation of the mean 4). OI 
ry . . . 
The heats of decomposition obtained for the 


reactions of decomposition are given by the following 
equations: 


B.H, (gas) 
AH(25° ©) 
B,H,(gas) 
AH(25° © 
The uncertainties assigned have been taken as 
twice the standard deviation of the mean of the 
experimental values, combined with reasonable 
estimates of all known sources of error. 


By taking the amorphous form as the reference 
state of boron and 7.30 +0.10 keal/mole [9] for the 


2B (solid, amorphous) +3H,(gas), 


6.73 +0.52 keal/mole, 
5B (solic amorphous -9/2 H,(gas), 


12.99 +0.39 keal/mole. 





heat of vaporization of pentaborane, the fol 
heats of formation are obtained: 





AHf (25 C) 
keal mole 


BH, (gas 6.73 +0.52 
B;sHg (gas) 12.99 +0.39 
B.Hy (liquid) 5.69 0.40 
4. Discussion 
It was not possible to recover the finely divide 


| boron quantitatively from the reaction vessel becans 
| of its tendency to adhere to the walls of the Ves 
as well as to the quartz wool plugs. It was therefop 
not feasible to obtain an accurate check on th 
completeness of the decomposition by determining 
the stoichiometric ratio between the masses of borg 
and hydrogen. In order to determine the preseng 
of hydrogen, either chemically bound or adsorbel 
samples of the boron produced were heated 4 
700° C in vacuum. Although traces of hvdroge 
were detected in some cases it Is not likely that any 
significant error was introduced in the final resyl 
since the quantity of reaction in each case was basel 
upon the mass of hydrogen evolved. Obviously, # 
all the boron-hydrogen bonds were of the sam 
energy, the heat of decomposition as measure 
would be independent of the proportion of hydroge 
removed in the process. The possibility that 
extremely stable hydride was present was ruled og 
because portions of the residue treated with chlorip 
at 400° C were completely converted to bore 
trichloride [10]. The Constitution and Microstrue 
ture Section of the Bureau examined portions ¢ 
the residue by X-ray diffraction methods. Th 
absence of a pattern indicated that the boron wast 
an amorphous form. 

In view of this information we conclude that th 
reaction of decomposition is quantitative and tha 
the only products are amorphous boron and hydrogen 

| The thermal decomposition is probably the mos 

| convenient method for preparation of small quant: 
| ties of high-purity boron. 
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Temperature of the Inversion in Cristobalite 


Raymond F. Walker, Samuel Zerfoss, Sylvanus F. Holley, and Lucy J. Gross 


The inversion temperature of cristobalite prepared from pure precipitated silica gel was 


compared with that of less pure cristobalite, including material derived from quartz. 


All 


materials showed a variability in their inversion temperature which was dependent on their 


thermal history. 


However, evidence suggested that a sufficiently extended heat treatment at 


high temperatures would in each case produce a uniform product with invariant inversion 


temperatures attributable to the low-high and high-low inversions. 


It is proposed that the 


variability of the inversion temperature can be rationalized in terms of three rate processes 
dependent on the temperature of heat-treatment, viz., nucleation, ordering, and crystal 


growth. 


The effect of all other factors known to influence the inversion temperature is 


either to accelerate or retard the rate of one or more of these processes. 


1. Introduction 


Cristobalite, the high temperature crystalline 
form of silica, undergoes a rapid,' reversible inversion 
from a low-temperature tetragonal structure to a 

gh-temperature cubic structure accompanied by a 
volume expansion of about 3.7 percent [1].2. The in- 
version has been observed over a fairly wide range of 
temperature and is characterized by a hysteresis such 
that the inversion on cooling is invariably observed 
at a lower temperature than on heating. The peculi- 
arities of the inversion have been investigated over a 
period of many years, but no clear understanding of 
the causes of the variation in the inversion tempera- 
ture has been reached. Indeed, much conflict of 
opinion has been expressed both in and among 
reviews of the subject [2, 3, 4]. 

No precise agreement on the range of the inversion 
temperature exists, but recent investigators tend to 
quote values in the range of 200° to 280° C. How- 
ever, the authors are not aware that a figure higher 
than 277° C has ever been observed. Moreover, 
because many of the systems studied have been 
neither homogeneous nor pure, it would seem more 
consistent to use a range extending from below 
25° to 277° C, for cubic cristobalite has been shown to 
exist in opals even at room temperature. 

The classical picture of the variability of the 
cristobalite inversion stems from the work of 
Fenner [5|. However, he raised many questions con- 
cerning the causes of the variability which still 
persist. Fenner investigated the possibility that the 
inversion temperature was dependent on the follow- 
ing variables: (1) Impurities within the material, 
(2) the thermal history of the material, (3) the source 
of the material (i. e., whether produced from quartz, 
tridymite, or amorphous silica), and (4) particle size. 
Inrecent years disorder within the structure has been 
added to this list. Furthermore, the postulation that 
more than one form of cristobalite exists has fre- 
quently recurred. 

Fenner believed that impurities were not responsi- 
ble for the variability, for he found a change in in- 
version temperature with heat treatment for cris- 
tebalite produced from quartz of 99.93 to 99.96 


It is probable that this inversion is more accurately described as gradual- 


rapid. The high and low forms of cristobalite have not been identified by the 
letters a and 8, since these symbols are employed ambiguously in the literature 
* Figures in brackets indicate the literature references at the end of this paper. 





| 


percent purity. More recently [6], however, an 
apparent double inversion in cristobalite has been 
associated with the presence of impurities, and the 
possibility in Fenner’s work that the effect of im- 
purities was masked by a larger effect due to the 
nature of the source material (quartz) should not be 
overlooked. 

The temperature of formation of cristobalite is the 
variable most commonly associated with changes in 
its inversion temperature. Thus, Pierce and Aus- 
tin [7] were able to show that the inversion temper- 
ature (from the thermal expansion curve) of cris- 
tobalite along the length of a used open-hearth 
furnace brick was almost linearly related to the 
temperature along the thermal gradient in the brick 
while in use. The higher the temperature at which 
the cristobalite was formed or heat treated, the 
higher was the inversion temperature. 

The inversion temperature for the same heat 
treatment has been reported to be dependent, in 
some indefinite way, on the source of the silica. The 
experimental evidence is, however, again uncertain, 
for although Fenner reported that amorphous silica 
vielded a higher inversion temperature than quartz, 
Kondo, Yamuachi, and Kora [8] invariably found the 
opposite to occur. Various observers have noted that 
the state of subdivision of the quartz itself affects 
the rate at which cristobalite is formed,*® but nowhere 
in the literature is it suggested that this fact alone 
makes direct comparison between the sources invalid 
on the “identical heat treatment’’ basis. 

It is also invalid to associate changes in the particle 
size of the cristobalite with its inversion temperature, 
unless it is first shown that the particles are them- 
selves the fundamental units undergoing inversion. 
In fact, no such association has yet been clearly 
demonstrated. Buerger [9], arguing from crystal- 
lographic concepts, has suggested that the correct 
variable in this context is crystallite size. If the 
crystallites are sufficiently small, then, clearly, a 
single particle may contain many of them. The 
surface of a crystallite, itself, represents a high degree 
of disorder and if the surface: volume ratio is high, 
a lowering of the inversion temperature may be 
expected. Flérke [10], from X-ray intensity con- 
siderations and dilatometric studies, has recently 


3 The solid state transformation of any principal form of silica to any other 
principal form is always sluggish. 
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related the degree of crystallinity (extent of disorder) | They suggested that, on heating, a gradual rotatiq} sour 
to the heat treatment and corresponding inversion | of the oxygen ions precedes the rapid alteration jy com] 
temperature of various cristobalite samples. Cris- | bond length and direction. The rotation of the ions! subse 
tobalite fired at lower temperatures had less sharp | accounted for an anomalous rise in the specific he) erate 
X-ray patterns, less marked expansion curves, and | before the rapid part of the inversion (accompanis|! Ou 
lower inversion temperatures. | by a latent heat effect) was observed. It may bp, hydr 
Fenner speculated on the existence of more than | postulated that, on cooling, the collapse of the. The | 
one molecular species of cristobalite, and in 1926 | structure from cubic to tetragonal symmetry canng Lots 
Weil [11] reported two inversions (175° to 195° C | be effected until the rotation has ceased, and ly 110° 
and 217° to 245° ©) in the same sample. More | inversion temperature on cooling is, therefore, lowe then 
| . ‘ 
recently Plumat [12] has also noted an apparent | lower than on heating. for 2 
double inversion, and Grimshaw, Westerman, and | In one of the reviews of the subject Dodd [3] cop. alcol 
Roberts [13] reported the appearance and disap- | cluded with the remarks: “It would seem thy Ve 
pearance of two peaks in differential-thermal- | further research is needed based on very pup samy 
analysis curves for a single sample subjected to | chemically precipitated silica subjected to controll exter 
successive heat treatments. | heat treatment under conditions precluding th table 
There have been very few attempts to associate | possibility of contamination.’”’ It is very diffiegh oxide 
any of the foregoing variables with changes in the | to avoid minor contamination of powders at high valet 
hysteresis of the inversion temperature, even though | temperature in any physically realizable furnag and 
the width of the hysteresis appears to be as variable | but this investigation was an attempt to redetermiy pow 
as the inversion temperature itself. Unfortunately, | the cristobalite inversion temperature in accordane >) oxal: 
a number of recent investigators have tended to | with Dodd’s suggestion, and to compare the behayig and 
record inversion temperatures for the low-high | of very pure cristobalite with less pure materi were 
inversion only, hence there is less data available on | including material derived from quartz reag 
the hysteresis. However, there appears to be no | TI 
consistent support for the suggestion of Sosman | 2. Preparation and Purity of Materials | 4" 
(2, figure VII] that higher inversion temperatures | treat 
yield wider hystereses. The only attempt known to | General qualitative spectrochemical analyses ¢} anal 
the authors to explain the hysteresis on mechanistic | the various materials used in the investigation ap) is gl 
principles is that of Mosesman and Pitzer [14]. | summarized in table 1. These are analyses ¢ Sa 
at ; unife 
Taste l. General qualitative Spectroche mical analysis of source materials plat 
2°/n 
Source material soni 
; ) atta 
Amorphous silica Quartz » 
| Elements - > for 
Commercial 3 
Gel from tetraethy] orthosilicate Near Lis- silica brick rem. 
‘ieel Reagent Madagascar bon, Md Synthetic atur 
Silicic acid =1,500° C 4 hr | 1,500° C 18hr_ 1,500° C 24 hr = 
Lot A Lot D Lot E pe ra 
- beea 
Ag ? FT T T ? T FT pern 
Al FT T vw “ W Ww 0.6% ‘ 
B T VW pera 
Ba T T vw VW vw vw A 
Be . : VW 
a fu 
Ca FT T vw T T 2°; oa 
Cr FT? FT? T FT? FT? T agal 
Cs 2 . 2 ? buti 
Cu FT FT FI W vw M M 
Fe , FI ? vw vw T vw 0.3% M 
. . . : . . 7 prep 
Li ? FT ? Fl FT FT T orde 
ccc FT T FT FT vw FI FT W limi 
Mn ? FT ? ? vw im 
Mo Ww vw devi 
Na VW ‘VW vw vw vw vw and 
Ni T f 
Pb ? FI I I T T Or St 
Rb ? ° o 9 
si Vs Vs \ Vs vs Vs Vs vs 
Sn ? > > ° > 3. d 
Sr Ww 
Ti vw vw vw W I; 
ate T T T vw 
Zn , W a Ww ther 
Zr... a vw . —? _? w 
opti 
timated Puree o2f Min 99.9998 ® 99.9854 = 99.9876 99.7338 99.8579 99.7547 98.8547 95.4359 st 
Estimated Purity % Max. 9 99.90854 ® 99.99876 99.97338 99.98579 99.97547 9.88547 96.93359 the 
Note: In general the following concentration ranges are indicated by the symbols: VS greater than 10%; S, 1-10%; M, 0.1-1%: W, 0.01-0.1%: VW, 0.001-40.01% . 
T, 0.0001-0.001%; FT less than 0.0001%; (—), not detected ‘Th 
* Flame Photometer analysis for sodium indicated none present which was not also obtainable by a blank run. The sodium detected in the blank run amounit an 


to 0.00157%. Quantitative spectrochemical analysis indicated less than 0.002%. It seems probable therefore that lots D and E were as pure as lot A. 
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materials as received or as prepared, and the 
compositions may have been modified slightly by 
subsequent heat treatment. Furthermore, delib- 
erate impurity additions were made to some samples. 
Our highest purity material was prepared by the 
hydrolysis of redistilled tetraethyl orthosilicate. 
The resulting gel was prepared in five lots (designated 
Lots A to E), which were first heated overnight to 
110° C to remove most of the water. The lots were 
then crushed lightly in an agate mortar and heated 
for 24 hr at 360° C to remove the last traces of 


source 


alcohol.* ad ee: 
Various impurities were added to individual 


samples of lots B to E. These were added to the 
extent of 1 mole percent of the substances given in 
tables of results (table 5), with the exception of iron 
oxide for which there was no certainty as to its 
valency state in association with silica. Aluminum 
and germanium oxides were added directly as 
powders to the silica gel, iron was added as the 
oxalate, calcium as the carbonate or the phosphate, 
and the other elements as carbonates. All additions 
were intimately mixed with the silica gel as fine 
reagent grade powders before heat treatment. 

The remaining samples of amorphous silica and 
quartz (table 1) were not subjected to any chemical 
treatment before conversion to cristobalite. An 
analysis of a typical unused commercial silica brick 
is given for comparison. 

Samples were heated to form cristobalite by a 
uniform procedure. They were placed in covered 


platinum boats, and heated at a steady rate of | 


2°min in a Pt-Rh wound mullite tube furnace until 
some preselected maximum temperature had been 
attained. The maximum temperature was held 
for a specified time to within +5° C, whence the 
samples were cooled at 4° C/min until the temper- 
ature had fallen to about 700° C. At this tem- 
perature the natural cooling rate of the furnace 
became less than 4°/min and the samples were 
permitted to cool at the natural rate to room tem- 
perature over a period of 12 to 24 hr. 

After heat treatment the samples were ground to 
a fine powder (through a 200-mesh screen) with an 
agate pestle and mortar. The particle size distri- 
bution of these powders was not determined. 

Minor deviations from this general method of 
preparation were followed with a few samples in 
order to study special effects, or because of the 
limited quantity of source material available. Such 
deviations are given in the sections 4 and 5 (Results 
and Discussion) when the inversion temperatures 
of such samples are discussed. 


3. Apparatus and Experimental Procedure 
F 


In recent years both X-ray and differential 
thermal analyses have been added to the earlier 
optical and thermal expansion methods of studying 
thefinversion. Both methods of analysis were used 
a 
* The prolonged, low-temperature heat tre itment was necessary for the removal 


of alcohol without decomposition to a black carbonaceous deposit Once formed 
the deposit could only be removed,by prolongedjheat treatment even at 1,550° C. 


in this investigation, and the results were supple- 
mented by observations with a hot-stage microscope 
and an electron microscope. 

Differential thermal analysis (DTA) is a partic- 
ularly useful routine technique and has _ been 
employed throughout this investigation. Both the 
theory of the technique and its application to the 
cristobalite problem have been recently reviewed 
[15], and will not be described in detail here. Grim- 
shaw and Roberts [13, 15], and others, have reported 
that they were unable to obtain reliable inversion 
temperatures on cooling by the DTA _ method. 
However, in this investigation it was found that, 
by using a specially designed furnace, reliable 
inversion temperatures could be obtained both on 
heating and cooling. 

Figure 1 shows the all-copper furnace which was 
constructed for the DTA apparatus. The furnace 
was intended for use only up to 300° C, and no diffi- 
culty with the oxidation of the copper was expe- 
rienced if this temperature was not exceeded. 
Reproducible and uniform heating rates could 
usually be obtained using a manually controlled 
variable transformer. The furnace was allowed to 
cool naturally, with the heater power turned off. 
The rate of cooling could be varied by changing the 
furnace insulation, or by surrounding the furnace 
with a cold jacket. The cooling curve thus obtained 
was not, of course, a straight line over wide ranges of 
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Alternative position of probing thermocouple shown with broken lines. The 
drawing is to scale. The insulation consists of cut sections of Class 28 insulating 
brick 


253 





temperature, but could be approximated to a straight 
line over the limited range in which the inversion 
occurred. In the normal routine analysis of samples 
the insulation was as shown in figure 1 and yielded 
a cooling rate of about 4° C/min through the inversion 
range. The heating rate was, then, also set to 
approximate this figure. 

As discussed in the following section (Results), it 
was found, rather surprisingly, that varying the 
heating and cooling rates gave significant changes in 
the temperatures at which peaks occurred in the 
differential-temperature (AT) curve. The figure of 
4° C/min represented a compromise which gave rela- 
tively high peaks which were yet broad enough to 
give fair details of the singularity or multiplicity of 
their structure. Very slow rates were difficult to 
control with precision, while rapid heating and 
cooling tended to smear out significant differences 
in inversion temperature within a sample. 


4. Results 
4.1. Differential Thermal Analysis 


Some traces of DTA records of particular interest 
are shown in figure 2. The bulk of the DTA results 
are, however, best presented in tabular form and are 
given in the sequence of tables 2 through 7. 

In interpreting the data from the AT curves it has 
been assumed that peaks in these curves represent 
inversion temperatures. The difficulty here has 
been that frequently no single peak was obtained 
with a given sample, nor yet just two (as has been 


AMPLE WN 
MES? 
. 
MOLE % 
MOLE % 


Cc LING HEATIN 


Figure 2. Traces of typical differential temperature curves on 
heating and cooling at approximately 4° C/min. 





previously reported in the literature [13)}), 


; In fac. 
certain samples persistently gave so Many peaks thy 
it was difficult to resolve these from a continygg 


hump in the AT curve. There was abundant en. 
dence that when two peaks occur close together One) 
peak influences the apparent inversion temperatipe 
indicated by the other. The situation was furth} 
complicated because samples which gave very sh 

high peaks on heating through the inversion tep. 
perature often gave very skewed, double or ey 
treble peaks on cooling. Except in cases whep 
there was a definite skew in the peak obtained on 
heating, it was not possible to resolve the one peak 
into two identifiable peaks. The suggestion ». 
mained that the character of the inversion on hey. 
ing was different from that on cooling. This suggestig 
was supported both by the readiness with which th 
inversion temperature on cooling was subject 
variations not attributable to further high-tempen. 
ture heat treatment, and by the fact that inversig 
temperatures on cooling were subject to greate 
fluctuations than inversion temperatures on'heating 


DTA of sample s pre pared from tetraethyl 
orthosilicate 


TABLE 2. 











Peak temperatures obtained by heating and cooling at 4° C/mp 
ifter stated heat treatments 
| Sample Heat treatment Heating Cooling 
Maximum Peak Peak Peak Peak 
tempera- Time tempera- height tempera-| height 
ture ture ture 
( hr ( ( 
33A 6 . . 4 a 
37B 24 ) ” (*) (* 
| 55 B 4s 22 205-15? P 
| 82D 1, 200 192 253 74 f 221 50 
| 220 35 
| j i 22 215 Ws 
84D 384 | 251 62 222 63 
| | go 1 som if .12 ( . 
43B j = 1 1 254 140 229 104 
S2A | 6 24 6 10 
36B | 12 255 ith dl 
- J 224 91 
38B 1, 300 | “ 257 129 | 239 5 
| 40B 192 257 143 232-3 143 
45B ( t (* 
46B ar . aati f 230 a4 
1, 350 12 sot J4 || 233 27 
i7B is 261 128 237 126 
| iSB O68 2-1 132 236 124 
19B lev 262-3 142 238-9 134 
SOB 6 258 6 232-3 ) 
53B 7 258-9 “) 236 46 
52 { 235 2 
2B 1, 37 st) 2th 4) | — 19 
54B 10! 257 27 234 24 
51B 12 tit 13 240 128 
SLA 6 266 157 241 148 
234 SY 
57D 12 ti 178 241 rm) 
‘ { 225 53 
vb 1, 400 OH 2th) 106, \ 241 4 
925 70 
79D 192 26 19 = 82 
om If 224 40 
SID 408 eit 207 1 240 86 
30A | P f 6 268 m4 242 175 
. i 1, 500 me { 238 6s 
TRAD on 269 215 \ 243 6 
35 *; 7) 4: 179 
35B i 1. 550 { 6 26S 179 243 108 
aD J el g yy 7 j 238 , 
= ‘ 270 212 \ 204 168 
34B 1, 600 } "iTS 187 242 181 
. 2 = a { 236 101 
HB 1, 650 6 270 172 1 244 171 
= ti 7 { 235 12 
sib 1, 700 18 972 174 1 241 111 


« No observable peaks. 
> No measurable peaks. 
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TABLE 3. DTA of samples pre 


pared from reagent silicie acid 


Peak temperatures obtained by heating and cooling at 4° C/min after stated beat treatment 
Sampk Heat treatment Peak 1 Peak 2 
No . = = — - 
Maximu 
tem per ime Heating Height Cooling Height Heating Height Cooling Height 
ure 
( hr ®< ( Cc “¢ 
4 3 238 110 211 115 
16 | 61 100 ( 234-5 97 209-10 103 
17 | 12 235 75 210 96 
13 3 243 87 214-5 OD - eneceees bbsecssweie Eien eee 
5 6 241 101 214 8 8606ClodLCmjmnecccens ff “ecdeemes | wedeases (eee 
15 | 2 241-2 67 215-6 R2 
18 1, 200 24 234-5 a4 209 103 ° 
20 is 35 80 210 90 ae eR 
2 192 244 37 216 34 252 119 225 119 = 
oS j 384 . as 220 06 251 129 228 67 
ll } f 3 242-3 2 215-4 59 259 458 227 48 
6 | 6 243 60 215-6 63 259 43 225 49 
12 > 1,300 12 242 60 215 59 59 51 226-7 47 
19 24 242-3 19 214-5 53 58 53 226-7 49 
21 { is 242 39 215 39 259 61 227-8 51 
9 3 242-3 nO 16 55 260 51 229 4H 
$ 6 241 157 214 157 aes - vinnie 
10 12 242-3 51 216-7 59 260 44 - 227 43 
) \ ) 235 8 
24 | 1, 40 } 1v2 209 135 ~4 - 
| i+ 
- as j 224 39 
2 { 26: nn 75 
2 ) : 6 249-50 86 222 07 259 41 (>) (>) 
hee | 12 257-8 72 228-9 92 262-3 107 233-4 89 
i } 6 J i. 261 107 230 Wy 
r . 2° 6: 
2 fom i 4 70 1 |f 3 63 
s 1. 600 t) 264 150 235-6 128 
® Merged into Peak 2 
b Merged into Peak 1 
TaBLe 4. DTA®* of samples produced from quartz 
Peak temperatures ° C (Peak heights shown in parentheses) 
Heat treatment as wines = 
Madagascar Near Lisbon, Maryland Synthetic 
lemperature Hours Heating Cooling Heating Cooling Heating Cooling 
1. 400 6 . 230 (41) 221 (42) 
4 238 (90 218 (83) . “ : -_ 
| | 227 (81) 219 (83) 
a? } 247 (10) 231 (13) 
| 265 (3) 241 (3) 
1 ) 12 f 240 (59) 227 (77) \ 
: | 246 (84 231 (94 Qe 
| 18 ‘ f 242 (78) ; 
| 246 (99 230 (108) | . 
| = { 232 (87) 216 (100) 
ns . | 249 (11) 230 (13) 
ih ale , sail ian f 234 (126) 
6 252 (91) 227 (101 257 (131) 1 243 (23) 
1 600 12 264 (156) 233 (92 : 262 (163) ae any 
—e —— aad , { 237 (106) 
| 18 264-5 (172) 232 (77) 262 (160) | 242-3 (20) 
\ 24 265-6 (180 233-4 (77 . . : 
LL 24 m e . 272 (142) 233 > (116) 


® DTA heating and cooling rate 4° C/min. 
Second peak merged into this at about 239 


C. 
Further comment on these observations will be given | 
subsequently, both in this section and the following | 
5). First, however, some com- 
ment on the validity of identifying peak tempera- 
tures with inversion temperatures is warranted. 
Apart from a consideration of the significance of 
the peaks as fundamental reference points, it is 
pertinent to question whether the peaks occurred at 
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invariant temperatures for given samples. With the 
equipment used in this investigation the tempera- 
tures at which peaks occurred were reproducible to 
within less than 4° C for fixed heating (or cooling) 
rates. However, peak temperatures could be raised 
7° to 8° C by increasing the heating rate from }° 
to 35° C/min. Rapid cooling lowered the peak tem- 
peratures or suppressed higher temperature peaks 
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Peak temperatures obtained by 


Impurity 
} 1,200 


Heating 


None - None 

AlgOs3_.. 

NaeO 
178 (3 

Na,O- ALO 214 (2 
242 (25 

MeO None 

FesgOy* None 
116 (3) 

LhO 173 (1 

| 246 (46) | 

CaO 

NayO- FeO 

Ca0-AlLO 

BaO 

K,O 

Cas(PO.s)2 

GeO, 

AbOrCay(PO; 

LiO-ALO 

K2O-AloOs 


Mg0-AbLO 


BaO-Al,O 


* Added as 2 
Heated 192 hr 


by weight of 


Mesh size of gel 

Sample 
= no 

Through On 
$25 . HOD 
200 325 62D 
140 200 65D 
100 140 “uD 
~) 100 mb 
0) 80) ‘3b 
20 40 61D 


* These peaks markedly skews 
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Cooling 
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219 (62 
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223 (71 
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DTA of samples containing one mole percent of added impurities 
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Heating 
266 (15 
116 (4 
162 (1) 
264 (73 
214 (16 
220 (14 
gO (12 
256 (9 


255 (103 


252 (126 
116 (13 
171 G1 

262 (37 
245 (74) 
258 (13) 
247 (46) 
249 (42) 
232 (22 
236 (25) 
264 (6 
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200 (15 
117 (8 

263 (70 
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heating 


Cooling 


241 (148 
233 (49 
239 (51 
190 (13) 
202 (25 
214 (15) 


232 (7 
226 (69 
232 (51 
238 (36 
222 (67 


226 (56) 


241 (18 
233 (37 
238 (33 
21 (62 
227 (55 
218 (69 
240 (4 

208 (37) 
226 (10) 
218 (56) 
240 (15 
y32 (OK 


ind cooling 


it4 


C/min from samples heated for 6 hr at state 


Peak heights in parentheses 
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2s 
260 
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259 
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(3 
(su 
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(122 
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(39) 
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(3) 
(36 
(36) 
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(33) 
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7 (21) 


DTA of samples prepared from 
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146 
1m) 
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other 
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Cooling 
42 (175 
224 (58 
228 (63 
241 (1S 
235 (75 
242 (3 
»4 16 
238 (115 
225 (44 
233 (70) 
242 (28 
237 (70 
243 (S81 
230 (101) 
226 (51) 
233 (68) 
209 (35) 
218 (21 
228 (9 
230 (87 
237 (120 
243 (62) 
233 (85 
239 (56) 
244 (128) 
215 (52 
228 (34) 
237 (20) 
244 (23 
233 (78 
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mS (122 
116 (2 
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214-223 (6 
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4 (I1S1 
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17 Gl 
263 (30) 
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244 (109 
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119 
108 
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X-ray determination of inversion temperatures by 
change of structure 


TABLE 7. 


Sample 67D* Sample 71D+ 


Temperature Structure Temperature Structure 
e t 


® ey 
Heating Heating: a 
255-6 Tetragonal 256 Petragonal. 
261 Cubie and small amount 2t4 Cubie 
. of tetragonal 
264 Cubic 
Cooling Cooling 
234 Cubie and trace of tetra 231 | 
7 gonal Tetragonal and 
5 Cubie and small amount 226 | cubic. 
4 of tetragonal 


retragonal and trace of 220 Tetragonal 


cubie 


19 


s History of these samples is given in Table 6. The authors are indebted to 
W. Johnson and K. W. Andrews of the United Steel Cos., Central Research 
Laboratory, Rotherham, England, for making these determinations 


in favor of lower temperature peaks. The heating 
and cooling rates used for the routine analysis 
(4° C/min) gave peak temperatures which were about 
9° C higher (or lower) than those obtained by the 
slowest rates. The exact error involved in passing 
through the inversion rapidly was difficult to deter- 
mine, however, because of the multiple peak charac- 
ter of the AT curve for many of the samples. 

For rapid, reversible inversions the recorded in- 
version temperature should be independent of the 
heating rate and identical with the temperature of 
a peak in the AT curve [15, 16, 17] (providing the 
thermocouples are located at the center of the 
specimens). Cristobalite is a substance whose in- 
dividual crystallites may all have rapid inversions, 
but not identical inversion temperatures. Although 
the individual inversions take place only over a 
limited range of temperature, it is possible that the 
temperature at which the peak in the AT curve 
occurs may be fortuitous and dependent upon the 
distribution of the inversion temperatures among 
the crystallites of the sample. It was observed on a 
hot-stage microscope that all the crystallites of a 
sample do not, in fact, invert at the same tempera- 


ture. (See also the paper by Chaklader and Roberts 
(18]). It has been suggested by Hargreaves ° that, 


as an alternative to using the peak temperature, 
the temperature at which the AT curve first deviates 
from its base line vields a temperature more charac- 
teristic of a sample. With the apparatus and 
samples used in this investigation this temperature 
was 5° to 20° © lower than the peak temperature 
on heating, and in order to justify its acceptance it 
was necessary to determine whether the temperature 
gradient through the samples was negligible by 
comparison. An additional probing thermocouple 
was inserted into the outside of the cristobalite as 


Se 
bted to Dr. J. Hargreaves (Research 
Laboratories of United Steel Companies, Rotherham, England) for first sug- 
gesting these possibilities. He has further noted that with samples he has pre- 
pared, the hysteresis in the inversion te mperature is eliminated if this alternative 
criterion is employed. Within +2° C (the error being largely due to the diffi- 
culty of locating the precise temperature at which the AT curve departs from its 
base line) many of the heating and cooling curves resulting from this investiga- 
tion also show this effect (at ibout 250° C The effect is, however, not con- 
sistent (and probably quite fortuitous). Hargreaves also found, however, 
that by using this criterion he was able to reconcile inversion tem peratures 
ey by DTA with those obtained by Johnson and Andrews by X-ray 
methods 1 5 . : 


* Private conversation. We are inde 
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shown in figure 1. The temperature registered by 
this thermocouple was then recorded on a chart 
along with the usual DTA data. It was thus 
possible to observe the temperature at which the 
AT curve first departed from its base line simul- 
taneously with the temperature of the probing 
thermocouple (fig. 3). By this method it was 
possible to show that the initial departure of the 
AT curve from its base line was associated with 
temperature gradients in the sample, rather than 
with variations in the inversion temperature (fig. 3). 
The different inversion temperatures were fairly 
uniformly distributed throughout the samples. It 
was thus concluded that the peak in the AT curve 
provided the best estimate of the inversion 
temperature of a sample as a whole, notwithstanding 
the observation that no single temperature could be 
given for all the individual crystallites. Further- 
more, it was, in general, desirable to correct for the 
significance of heating rates in converting observed 
peak temperatures to estimated inversion tempera- 
tures. 

During the course of the investigation, it was 
observed that there were three extraneous factors 
involved in the experimental procedure which were 
sometimes significant in determining the inversion 
temperatures indicated by DTA. It appeared 
possible that peak temperatures could be changed 















= ential — ; 
275 
TEMPERATURE OF DIFFERENTIAL 
THERMOCOUPLE 
250 
225 
200 
OS 175}=— 
°. 
S iso. TEMPERATURE OF PROBING 
& THERMOCOUPLE 
= 
= 125 
Ww 
— 
100 7 
75 é 7 
OT CURVE 
| 
50 4 
25 4 
~ —E 1 i 
re) 5 10 15 20 25 


TIME , MINUTES 
Figure 3. Trace of a typical recorder plot of a cooling curve, 
showing that the initial departure of the differential tempera- 
ture (AT) curve from its base line can be associated with a 
temperature gradient within the sample. 


The temperature gradient within the sample is shown by the different tempera- 


tures of the differential thermocouple (located in the center of the sample) and 
the probing thermocouple (located at the edge of the sample) at particular 
times. 








(1) by quenching samples from high temperature 
following heat treatment, (2) by grinding the samples 
in the agate mortar after treatment, and (3) by 
cycling samples through the inversion in the DTA 
furnace. 

The first factor was taken care of in the experi- 
mental procedure by cooling samples at a controlled 
rate. The effect of quenching a sample from high 
temperature was, however, investigated using a 
portion of sample 79D (table 6). The peak tempera- 
tures obtained were not significantly different from 
those of the unquenched sample (70D), but there 
was some small difference in the relative heights of 
the peaks obtained on cooling. 

The data given in the tables of results are not 
corrected for the heating rate because of the difficulty 
of knowing the exact correction for each sample. In 
any case, the error involved with many of the samples 
is believed to be slight. The peak heights are given 
in arbitrary units, intended merely to indicate their 
relative heights. 

It was not discovered until most of the samples 
had been analyzed that the process of grinding the 
samples for DTA had a significant effect on the peak 
temperatures obtained. The effect during heating 
was slight and barely detectable in most instances. 
However, there was good evidence that the second 
(lower temperature) peak obtained during cooling 
was at least in part attributable to grinding. For 
example, sample 86D (table 2) when analyzed 
without first being crushed or ground gave a peak 
on heating at 270° C, and a single sharp peak ‘en 
cooling at 244° C. Successive crushing and grinding 
only slightly raised the heating peak but gradually 
introduced a new lower temperature peak on cooling 
which ultimately became dominant (fig. 2). This 
effect was noted with other samples, but not with 
those containing impurities. The results given in 
the tables are all for samples crushed to pass through 
a 200-mesh sieve. 

The third factor observed was the antithesis of 
the foregoing, for with some samples the lower 
temperature cooling peak could be eliminated in 
favor of the higher temperature peak. This was 
achieved by cycling the temperature about the 
inversion points and observing the change in the 
veak temperature during successive cycles. The 
ower temperature peaks of samples 70D, 71D, 
and 72D (table 6) could all be eliminated by cycling 
the temperature in this way. However, it was not 
possible to remove the skewness from sample 74D 
by this technique. Moreover, when cycling samples 
containing impurities, only a slight effect was noted, 
which was of doubtful significance. The peak tem- 
peratures given in the tables of results are for samples 
subjected to a single heating and cooling in the 


DTA furnace. 
4.2. X-Ray Analyses 


The purpose of the X-ray analyses was twofold. 
First, an attempt was made to check the inversion 
temperature against observed changes in crystal 
structure; second, samples with different inversion 
temperatures were examined at room temperature 








for variations 
crystallite size. 
The results of the inversion temperature dete — 
minations are given in table 7. It will be noted that ae 
there is a difference in the inversion temperatung even 
as indicated by X-ray analysis and DTA.  Becayg! “peg 
however, there is an inherent difficulty of acura! 7.) 
temperature measurement in most high-temperatup A 
X-ray cameras, this lack of agreement is probably 
of little significance. Of perhaps greater signif. 
cance is the range of temperature over which th (b) 
inversion occurred, although, here again, some ¢ f the 
this range may be due to temperature gradiens ” (e) | 
within the sample. | tor sar 
The results of the structure and crystallite sip lite siz 
investigations were deduced from counter diffry:- 
tometer traces obtained by scanning over the anguly 
region 20=5° to 162°. The studies were made yg 
room temperature using samples 35B (DTA peal 
268° C), 43B (DTA peak 254° C), and 9 (DTj 
peaks 242° and 260° C). No appreciable differencg} 
in low angle scattering (@=5° to 11°) were ob 
served, indicating a crystallite size greater than 10j) 
in all samples. Likewise, no significant differencg 
in diffraction line intensities or peak positions wen 
detected, suggesting identical or very closely simile} ;.¢hnj 
atomic packing in the crystallite regions. Shift} ,j:min 
in the X-ray diffraction patterns of the type db| nicht 
scribed by Flérke [10] were, therefore, not a promh| ;peate 
nent feature of any sample. The width of th]... jr 
diffraction lines, however, varied markedly betwea} ym} 
the samples, especially at high angles.° The lim] ..cuit 
profiles of sample 43B were wider than those @} ], ; 
sample 35B throughout the scanning range, th} ojsted 
high-angle peaks being very diffuse (fig. 4). Th) is the 
line broadening for the latter sample was very litt} odor 
more than that attributable to the experimentd} yoj9) 
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der, ayj sbtain the causes for the line broadening were 
based on a number of assumptions, none of which 
sere fully justified, and whose cumulative errors 
ted thit} secluded any reliable quantitative interpretation. 
peratures! Nevertheless, the following qualitative conclusions 
“cae vere almost certainly justified. 

accurales (9) The rate of broadening with Bragg angle was 
'peratim! ino great to be solely attributable to the small 
probably -vstallite size in sample 43B. Significant erystal- 
| Signi) jite strains appeared to exist. 

hich the (b) The ultimate crystallite size was likely to be 
some @) of the order of 50A. 

radiens) (¢) The results for sample 9 were similar to those 
! for sample 43, with the possibility of a wider crystal- 





re deta. 


lite sit} jite size distribution. 

diffrae. 

o> » 5. Conclusions and Discussion 

‘. eal The results of the investigation even with the 
Fon 1 very pure material retain a certain lack of repro- 
“erences! ducibility and definitude. The lack of reproduci- 
ee ob bility was clearly inherent both in the nature of the 
For 10 samples (they were not homegeneous with respect 
erences) to inversion temperature) and the experimental pro- 


MS Wet! -edure, and even the most meticulous use of the 
; simile | techniques used in this investigation could hardly 
Shift eliminate it. Some greater definitude in the results 
ype de | might have been obtained if samples had been heat 
prot! treated longer, whereas now probable trends alone 
of th} are indicated. It is, however, possible to draw a 
eae number of conclusions which appear justified by the 

- line results. 
hose ¢ It is clear that the most important variable asso- 
ge, th} ciated with variations in the inversion temperature 
). Th) is the time and temperature of heat treatment. In 
ry litth order to provide some cohesion to a discussion of the 
iment#} variability of the inversion temperature in general, 
er that] it is first proposed that the actual inversion tempera- 
npts Wf ture of the crystallites can be associated with three 
rate processes dependent on the temperature of heat 
treatment. These processes are, first, nucleation of 
the cristobalite phase from the source material; 
second, an ordering effect whereby small, well- 
ordered, strain-free crystallites are developed; and 
last, grain growth from the well-ordered crystals. 
That, within a polycrystalline sample, there will be 
an interplay between these processes is obvious. 
The result. of each process will be a net loss of energy 
of the system and an observed increase in the inver- 
sion temperature. It is believed that a careful study 
\, , Of the effect of heat treatment upon the inversion 
temperature over the range 1,100° to 1,700° C sup- 
ports the conclusion that there are three stages 
involved. 

Consider the temperatures obtained for the low 
to high inversion with the samples prepared from 
tetraethyl orthosilicate (table 2). (The high to low 
version will be discussed subsequently.) Up to 
1,350° C, very little cristobalite was formed during 
short-term heating (6 to 12 hr), but there was evi- 
sBewt) dence that freshly nucleated material in an amor- 
phous matrix inverted at temperatures around 
ty forte | 225°C. Tt is believed that the general concept of a 

temperature-dependent rate process for nucleation 
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will be readily accepted without detailed argument, 
but the question of whether nucleation occurs at a 
surface or within the gel may still be a matter for 
speculation. 

Following nucleation, further heat treatment 
vields a progressive increase in the inversion tem- 
perature until this reaches 266°C. The rate at 
which the inversion temperature increases is tem- 
perature-dependent; heat treatment at 1,200° C for 
384 hr causes the inversion temperature to rise only 
to 251° C, whereas at 1,375° C heat treatment causes 
the inversion temperature to reach 258° C after 6 hr 
and 266° C after 12 hr. It appears that the attain- 
ment of an inversion temperature of about 266° C 
represents the completion of the second process, 
whereby the freshly nucleated material develops 
well-ordered, strain-free crystallites. 

It was observed that the inversion temperature of 
266° C was attained after only 6 hr heat treatment 
at 1,400° C, but that more extended heat treatment 
at this temperature (up to 408 hr) did not raise the 
inversion temperature further. Heat treatment at 
higher temperatures, however, yielded a further slow 
rise in the inversion temperature, the rate of rise 
again apparently increasing with the temperature 
of heat treatment. The highest peak temperature 
obtained by DTA of this material was 272° C, but 
it is not unlikely that more prolonged heating at high 
temperatures would raise the inversion temperature 
somewhat further. That the slow rise in inversion 
temperature can be associated with a rate process 
is clear, but it must be admitted that the proposal 
that the process is crystal growth is based on little 
more than speculation. The proposal does, how- 
ever, seem a reasonable possibility and is in at least 
qualitative accord with the known slow growth of 
cristobalite crystals. 

From the above broad proposal it is possible to 
suggest the effect of particular variables on the 
inversion temperature. It is suggested that the 
general effect of impurities, the source material, and 
the crystal or particle size is merely to vary the rate 
of the above processes. For it appears that all 
cristobalite, from whatever source, and of whatever 
purity, will ultimately invert at the same tempera- 
ture if subjected to a sufficiently extended heat 
treatment. 

As far as rates are concerned, however, the effect 
of even relatively small amounts of impurity are 
significant, for the inversion temperatures of the 
cristobalite prepared from reagent silicic acid (table 3) 
are significantly different from the results discussed 
above. First, it will be observed that the im- 
purities which were present in this material acceler- 
ated the nucleation of the cristobalite, since cristo- 
balite was formed in only 3 hr at a temperature as 
low as 1,100° C. However, they retarded the 
ordering process yielding DTA curves very typical 
of the “two-peak” type which have been reported 
before. Nevertheless, the end product of heat 
treating this material appears to be identical with 
the end product from tetra-ethyl orthosilicate. 
Indeed, it is striking that two materials can yield 
cristobalite samples which behave so differently 


259 








after low-temperature heat treatment, vet which 
are indistinguishable after high-temperature treat- 
ment. 

The effects of the deliberate impurity additions 
(table 5) were in general accord with the above 
remarks, but were more complex. With some 
impurities the attainment of a relatively stable end 
product was retarded, and with others accelerated. 
We did not obtain any evidence that the end product 
of samples containing impurities was any different 
from that of the pure materials. Hence one may 
be justified in concluding that cristobalite rejects 
impurities in its structure during heat treatment at 
high temperature. The alkali ions Na, Li, and K 
each produced small DTA peaks which were attri- 
butable to tridymite, but these peaks were not 
detected with any other impurity. We have not 
attempted to relate the size or valency of the im- 
purity ions to the magnitude or sign of their effect 
on the proposed rate processes. At this stage 
speculation alone can suggest whether some of these 
would occupy interstitial sites in the silica structure, 
substitute themselves for the cation, merely attach 
themselves to the surface, or enter into new poly- 
component systems. It may be significant, however, 
that the Na,O-Al,O; and CaQO-Al,O,; impurities con- 
tributed a larger effect than any other variable 
studied, because aluminum plus an alkali or alkaline 
earth is known to substitute for silicon in the silica 
structure. These impurities contributed DTA peaks 
as low as 178° C, but the possibility exists that some 
of the peaks may be more properly attributed -to 
impurity stabilized phases within the silica matrix. 
It should not be overlooked that tridymite itself 
may fit into this category. 

A further important effect of the impurities con- 
cerns the number of DTA peaks obtained. It will 
be observed (table 2) that the single peak character 
of the inversion was characteristic of the very pure 
material, with the exception of one sample pre- 
pared at low temperatures. (We are still discussing 
the low-high inversion only.) On the other hand, 
impure specimens tended to give a multiplicity of 
peaks which at times became difficult to resolve 
from a continuous hump spread over 20° to 40° C. 
There seems to be no sound reason for interpreting 
these peaks in terms of a number of different forms 
of cristobalite, unless substantial supporting evidence 
is produced. It would appear to be more probable 
that the appearance and disappearance of these peaks 
is associated with a lack of homogeneity within the 
sample in terms of the rate processes previously 
described. The multiple peak character of the DTA 
curves can be attributed to a tendency for groups of 
crystallites within particular samples to reach dis- 
tinct stages of development. Since impurities most 
commonly slow down that process following nuclea- 
tion to which the inversion temperature is most sensi- 
tive, the spread of inversion temperatures should 
become more apparent. And it is with just those 
impure samples in which the ordering process pro- 
ceeds most slowly that the multiple peaks are most 
obvious. 












It should be clear, in terms of a rate process inte. hich 
pretation of the variability of the inversion tem I ted 
ture, that cristobalite produced from quartz jg The 


going to give the same inversion temperature ag 
for the same heat treatment, unless identical 
products have been obtained. Before cristobaly 
can be nucleated from quartz, there has to be 


jmitat 
obtain 
aqyulvo 


: : ; pmversi 
breaking of bonds within the structure, and thisj Latin: 
energetically speaking, a more difficult and tj i 


consuming process than is encountered with the gel 
Our results are in accordance with this expectation 
In addition, the result of heating quartz to 1,709°¢ 
for 24 hr suggests that the end product obtained) 
identical with that obtained from gel. 
_ We turn now to a consideration of the highdoy 5 com 
inversion. It has already been stated that the natyp Comp! 
of the inversion on cooling indicated by DT, was! Jetern 
different from that on heating. The question mat, been g 
however, be asked: was there a real difference, » posed 
were the observations merely inherent in the expen. depen 
mental procedure? over, | 
It is believed the difference was real, first, becayp heen U 
observations were apparently independent of sud gon t 
variables as the DTA heating rate which would be g¢tribi 
most likely to vield anomalies of this type. Th sation 
probing thermocouple did not indicate that the mag py the 
nitudes of the temperature gradients on heating yjelde 
were significantly different from those on cooling slow hb 
Secondly, the X-ray data (table 7) also suggestal Sim 
that the inversion on cooling was spread overa ficatio 
wider temperature range than on heating. Thirdly, althou 
the inversion on cooling appeared susceptible to se! the a1 
nificant variations independent of any observabk sion. 
variation on heating. Furthermore, if the inversin partia 
is accepted as being of the gradual-rapid variety @ yersio 
heating it may, nevertheless, only be of the rapil heatir 
variety on cooling. It may well be that the rapid 
inversion of the high form is retarded until sue 
time as sufficient energy of rotation of the oxyge 
iens has been lost that all the structural changs 
within a crystallite can be effected at the same time 
On the basis of this interpretation it is possible 
suggest why two DTA peaks were obtained on cooling 
when only one peak was obtained on heating. Itma 
be postulated that, on cooling, DTA is more sensitiv 
to small structural inhomogeneities (such as strai 
induced by grinding) within the sample. That & 
that inhomogeneities which are smeared out by thr 
gradual onset of rotation on heating are nevertheles 
observable on cooling. More exact heat-content dat 
would be required to test this interpretation. 
Apart from the general anomalies obtained for th 
high-low inversion, the variability of the inverse 
temperature was generally consistent with proposal 
given for the low-high inversion. There was a sug 
gestion in the data that more prolonged heat treat 
ment at higher temperatures was redeveloping th 
lower temperature peak at the expense of the highe 
temperature peak. However, no ready explanatie 
could be found as to why the peak temperature graé 
ually rose to about 244° C and then fell off with th 
development of the lower temperature peak, unle’ 
the more extensive heat treatment yielded sample 
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°€SS ites chich required more grinding and thus were sub- 
temper, 7 








»cted to greater strain.’ 


tz is why The lack of homogeneity within samples, the 
Ure 88 gh initations of DTA techniques, and the anomalies 
tical end ghtained for the high-low inversion make an un- 
‘istobalit qquivocal identification of the temperatures of the 
to bedinversion very difficult. Assuming that very slow 
id this is} eating rates yield a more accurate correspondence 
nd timed tween peak temperatures and truly representative 


h the gj inversion temperatures, but that further heating of 
ectation qr samples would have slightly raised our peak tem- 
1,700°C peratures, the best estimate we can give for the low- 
Mtainedjs jich inversion is 270° to 272° C. This value is for 

amples of well ordered, well developed crystals, and 
high-low is somewhat lower than previously proposed maxima. 
he natupe Complete information on the heating rates used to 
TA Was|etermine inversion temperatures has not always 
101 May, heen given in the literature. Indeed, it has been sup- 
rence, @ nosed that indicated inversion temperatures are in- 
1 eXpet- dependent of heating rates. In many instances, how- 
ever, heating rates of 15° C/min and greater have 
been used and it seems probable that apparent inver- 
sion temperatures in the range 270° to 280° C are 
attributable to rapid heating rates. In this investi- 
zation it has been possible to obtain similar values 
by the use of rapid heating rates with samples which 
vielded peak temperatures of 272° C or lower during 
slow heating. 

Similar considerations are pertinent to the identi- 
| over a fication of the temperature of the high-low inversion, 
Thirdly, although, in this case, we also have to contend with 
le to se-!the anomalous multiple peak character of the inver- 
servalk sion. Neglecting effects which are believed to be 
nversi@® partially due to grinding, it appears that the in- 
riety ® version on cooling is about 26° C lower than on 
he rapil heating, vielding a value of 244° to 246° C. 
he rapid 
itil sued 
-oxyga The authors thank H.S. Peiser of the Bureau for 
change |his contributions to the understanding of the struc- 
ne time }tural variations of our samples as indicated by X-ray 
sible» analysis. David C. Ailion, now a graduate student 
1 cooling at the University of Illinois, also assisted with the 
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Itmay preparation of the pure silica samples and with the 
ensitiv: routine differential thermal analysis. 
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7 The often skewed, low temperature peak at about 
233° C was also common with 


samples derived from quartz 
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‘Infrared Emission Spectra of Flames Under High Resolution’ 
Earle K. Plyer and Eugene D. Tidwell 


The spectrum of a hydrogen-oxygen flame 


in the 


transitions belonging to the 


and an oxyacetylene flame has been measured 
near infrared region with a high-resolution grating spectrometer. 
3.7 to 4.1 « many lines are observed which have not been classified. 
vy. or v3 bands of water vapor. 


In the region from 
They may arise from 
The intensity of the first over- 


tone band of CO was increased when a high-frequency discharge was passed through the 


flame and the 


acetylene, 


1. Introduction 


There have been a large number of researches on 
the infrared emission of flames in the last 10 vears, 
but investigations in this field extend back to the 


early period of infrared spectroscopy. In 1890 
Julius [1]? measured the radiation from flames in 
which various fuels were used. When CS, was 


used as a fuel, he observed that the strongest bands 
in emission occurred at the same wavelengths as the 
bands which were present in the CS, absorption 
spectrum. The emission specturm of H,O and CO, 
was extensively studied by Paschen [2] and by 
Rubens and Aschkinass [3]. They observed the 
shift of the maximum of emission in CQ, from 4.27 
to 4.40 uw with increasing temperature of the flame. 

With the improved present-day optics and detec- 
tors in grating spectrometers Many of the infrared 
‘emission bands can be resolved sufficiently to show 
the rotational lines in the bands, and weak bands can 
lbe observed which were not discerned by prism 
spectrometers. 
measurements on the spectra of C, 
CO, and CQ,. 

The present investigation was undertaken to 
, observe the effects of adding other fuels to the oxy- 
acetylene flame and to observe the changes in in- 
tensity of the emission bands when the flame is 
irradiated with high-frequency discharges. Also the 
region from 3.7 to 4.1 u was measured under high 
resolution to ascertain if any bands of low intensity 
could be observed between the OH and H,0O lines. 


N, OH, H,0, 


2. Experimental Method 


A grating with 10,000 lines/in. was used in the 
spectrometer which resolved lines separated by 0.07 
em in the 3- to 4-4 region. A description of the 
instrument, the methods of measuring the wave- 
lengths, and other details are given in a previous 
publication [5]. 

‘he spectrum was observed of an oxyacetylene 
flame from a mixture enriched in fuel to enhance the 
bands selected for study. The radiation from the 
flame was intensified on the spectrometer slit by 
using a system of mirrors [6]. 


TL 


This work was supported in part by the Geophysics Research Directorate, 
Air Force Cambridge Research Center 
? Figures in brackets indicate the literature references at the end of this paper. 


Previous reports [4] have given the | 





infrared CN band was increased in intensity when N,O was mixed with the 
The results are shown in five figures of the observed spectra. 


3. Experimental Results 


The use of the 10,000 lines/in. grating in the second 
order produced almost twice the resolution that was 
obtained in the first order. An example of the high 
resolution obtained is shown in figure 1. A part of 
the emission spectrum of carbon monoxide is shown 
for the region from 4,250 to 4,310 em. The band 
head of the 3-1 band occurs at 4,306 em™' and the 
figure includes the lines of the R branch from R 13 
to R 67. The lines from R 53 to R 67 are folded 
back over the region of the R lines extending from 
33 to 48, but the two sets of lines are sufficiently 
resolved to be readily observed. When this band 
was measured with low resolution the lines from R 53 
to R 67 were not observed [4]. Under the burning 
conditions when this spectrum was observed, the 
R 26 line of this band was the most intense. The 
lines from P 2 to R 12 of the 2—0 band also fall in 
this region. On account of the elevated temperature 
of the oxyacetylene flame the intensity of the rota- 
tional lines near the center of the 2—0 band is low. 
The first line of this band which stands out above 
the noise level is R 3. 

Some bands observed in the infrared spectra of 
flames are weak in intensity, primarily on account 
of the low concentration of the molecules. By adding 
substances which increase the concentration of the 
molecule or radical under observation, the spectra 
can be made more intense. An example of such a 
change in intensity is the CN spectrum which was 
observed in the flame with and without added gases. 
It was found that the CN spectrum was greatly 
increased in intensity when N,O was introduced into 
the fuel line. Two traces of the spectrum of CN are 
shown in figure 2. Because this ~ occurs in the 
near infrared region, higher resolution was obtained 


by using a 15,000 lines/in. grating in the second 
order. The upper curve was observed with a flame 


which was rich in fuel. The inner cone extended 
about 2 in. above the tip of the burner. A region 
near the top of the inner cone was focused on the 
entrance slit of the spectrometer. The lower trace 
was obtained under the same conditions of measure- 
ment, but a small amount of N,O he added to the 
acetylene before burning. The N,O produced an 
increase in intensity of about 50 percent in the lines 
of this band. By adding larger amounts of N,O the 
intensity of the band was increased by a factor of 
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Figure 1. The emission spectrum of CO for the 3-1 transition in the region from 4,250 to 4,310 em 
Some of the lines of the 2—) transition also occur in this region 
four. However, the flame was not stable and the | of low output (100 w) a considerable change in th 


entire band could not be observed under the same 
conditions. 

The infrared emission of gases excited by a radio- | 
frequency discharge has been reported by Wilkinson, 
Ford, and Price [7]. They found that the spectrum 
contained many bands which arose from transitions 
of the high energy levels of the molecules, and for 
CO the transitions from 2-0 and 12-10 were observed. 
On the other hand, in the oxyacetylene flame only 
the transitions from 2-0 to 8-6 are present with 
appreciable intensity. The emission spectra from 
the oxyacetylene flame should be increased in 
intensity when excited by a radiofrequency dis- 
charge. The results obtained with such a discharge 
through the flame are shown in figure 3. The upper 
curve is the 2—0, 3-1, and 4-2 transitiens of the CO 
spectrum observed with a rapid scanning rate. The 
lower curve is the spectrum of the same region with 
the radiofrequency discharge passing through the 
flame. Although the high-frequency machine was 





intensity of the rotational lines can be observed 
All the lines of the spectrum observed with the high 
frequency discharge have been increased in intensity 
and the intensity ratio of the higher transitions & 
lower transitions has been increased. The intensitie 
of the lines of oxyacetylene flame in the 3-1 and 
2—0 bands are about equal, but with the discharg 
through the flame the 3-1 band is about 50 percent 
more intense. These preliminary results indicate 
that the use of the high-frequency discharge in the 
flame should be of importance in the observatio! 
of flame spectra. 

The emission spectra of oxyacetylene flames in the 
region from 3.0 to 3.5 w are rich in lines which belong 
to the bands of water vapor. When the spectrums 
extended to longer wavelengths the P branch of the 
OH band is the most characteristic feature observed. 
Between the OH lines there are weak lines whic 
cannot be resolved with medium resolution. The 
region from 3.5 to 4.0 uw has now been remeasurel 
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Ficure 3. The emission spectrum of CO in the first overtone region. 


he lower curve was obta‘ned when the flame was irradiated with a high-frequency discharge. 
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under high resolution, and a large number of lines 
have been observed. The spectrum of a flame, 
figure 4, was observed for a rich mixture of the 
fuel and the OH lines of the 2-1 and 1—0 bands are 
fairly intense. The CO, band was very intense | 
compared to the other structure and that part of 
the spectrum was observed with slits one-third as 
large as those used for the other regions. The lines | 
of the 001—000 band of CO, were resolved to R 118. 
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The band head of 01'1—01’0 is double on account of 
the l-type doubling and some of the l-type doublet: 
of the R-branch lines of this band are resolyed bn 
the atmospheric absorption of CO, in the optiad 
path of instrument becomes so large at 2.389 cn 
that the band cannot be observed to its center. 
The spectrum of a hvdrogen-oxygen flame (fig 5) 
has also been observed for the region from 2.379, 
2,660 cm~'. The spectrometer slits were two-thin) 
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Figure 4. 


The emission spectrum of an oxyacetylene flame from 3.7 


lo 4.1 pw 


Part of the CO» spectrum and some of the lines of OH are a prominent part of the spectrum 
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as wide for measurements of figure 5 as for those of 
figure 4, but all other operating conditions of the 
instrument were the same. 

The spectrum of the hyvdrogen-oxygen flame con- 
tains OH lines which are less intense than those in 
the oxyacetylene flame. Also, the CO, bands are 
absent in the hydrogen-oxygen flame. Most of the 
remaining lines of the spectrum are more intense in 
figure 5 than in figure 4. The region from 3.0 to 
3.7 « was also measured and many lines were ob- 
served. Almost all of these lines arise from the 
bands of OH and the 2, and », bands of water 
vapor. 

The identifications of most of the lines in the 3.7- 
to 4.l-u region, other than those of OH and CQ,, 
have not been made. A few lines fall in the series 
which have been identified as a part of », rotational 
structure of H,O. The remaining lines may be a 
part of the », or »,; band of water vapor, but at 
present it has not been possible to identify them as 
arising from the transitions in those bands. 
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by Charles H. Corliss and William F. Meggers 
Well, J. Re. 
S. Be 
161, (ise Earlier descriptions of atomic hafnium spectra, from conventional ares or sparks, 


Improved Description of Hafnium Spectra 


have been handicapped by the absence of pure samples and by the presence of a strong 


» and EF; : ps : 
ate background of molecular spectra. Recent availability of highly purified hafnium metal, 


well, J. Re and the development of a new light source, removed these handicaps. This improved 
deseription of hafnium spectra was made by employing electrodeless metal-halide lamps 

t. Soe. Ap excited, at relatively low pressure and temperature, by microwaves. Lamps of hafnium 
‘ iodide, hafnium bromide, and hafnium chloride were compared to recognize the spectra of 

» Moleculyy halogens or their compounds and thus arrive at the atomic hafnium lines common to different 
Petroleun lamps The number of lines now ascribed to hafnium spectra exceeds 6,200 as compared 
with about 2,400 heretofore. The wavelengths range from 1284.88 to 12043.08 A, and 


estimated relative intensities in different light sources (including ares, sparks, and electrode- 
less lamps) indicate which lines belong to Hf1, Hfu, Hfi, and Hfitv. The splitting of 
spectral lines in magnetic fields (Zeeman effect) has also been improved by using magnetic 
fields of higher intensity, and greater spectrographic resolving power than before. The 
number of lines for which Zeeman patterns have been observed has been increased from 280 
to 1,030, and the types of complex patterns invariably confirm the assignments of lines to 


HFi1 or Hfit. 


Hafnium was the next to the last stable element to | titanium and showed only a trace of niobium, but it 


be discovered in the earth’s crust; its discovery was 
announced by Coster and Von Hevesy [1]' in a letter 
to Nature on January 20, 1923. That vear Hansen 
and Werner [2] published the first description of the 
optical spectra of hafnium, consisting of wavelengths 
of 807 lines ranging from 2253.98 to 7240.9 A, and 
estimated relative intensities in are and spark spectra. 

In 1925 Professors Bohr and von Hevesy gener- 
ously presented about 0.2 gram of their purest haf- 
nium to Meggers [3] who made another description of 
hafnium are and spark spectra for the purpose of 
finding regularities among the lines. Spectrograms 
were made by burning small portions of the sample in 
a silver are or spark, and wavelengths from 2155.72 
to 9250.27 A were measured for some 2,100 spectral 
lines. However, careful comparison with known 
' spectra proved that 609 of the observed lines were due 
to impurities, among which niobium, zirconium, and 
titanium were the most abundant. Nevertheless 
this list of about 1,500 hafnium lines, because of its 
effective separation of Hf1t and Hf spectra by com- 
paring are and spark intensities, permitted the de- 
tection of regularities in both spectra. 

In 1928 Meggers and Scribner reported [4] the first 
wultiplets in Hf, and in 1930 they published [5] 
the first regularities in Hf1. It was recognized that 
extension and confirmation of these first regularities 
would require further improvements in the basic 
descriptions of hafnium spectra and also observation 
of the Zeeman effect. Both requirements were 
partially met in 1932 when hafnium spectra were 
reobserved with purified oxide donated by Prof. von 
Hevesy, and the first Zeeman-effect spectrograms 
were made with a small rod of hafnium metal pre- 
sented for this purpose by Dr. G. Holst of Eindhoven. 
The are and spark spectra were remeasured, and 
extended from 1990.73 to 10637.92 A. The new 
sample of hafnium oxide was entirely free from 





Figures in brackets indicate the lit rature referances on page 272. 
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contained considerable amounts of zirconium and 
nickel. The number of spectral lines positively 
identified with hafnium atoms or ions was increased 
from about 1,500 to 2,400, including nearly 1,400 
Hf1i, about 1,000 Hf, and several dozen Hf m1 
lines. Magnetic splitting (Zeeman effect) was ob- 
served for 280 hafnium lines (2393 to 4817 A), 70 
belonging to the first and 210 to the second spectrum. 
These confirmed the first reported [4, 5] regularities 
in the spectra, and full details of the new wavelengths, 
intensities, Zeeman data, and quantum interpreta- 
tion of the second spectrum of hafnium were pub- 
lished by Meggers and Scribner [6] who promised 
that ‘‘Further data and analysis of the Hf 1 spectrum 
will be published after they have been supplemented 
by additional observations of Zeeman effects, since 
the data at present available have proved insufficient 
for the complete identification of Hf 1 spectral terms” 

Further progress in the investigation and interpre- 
tation of the Hf 1 spectrum was delayed many vears 
for the following reasons: it was proved that the 
Zeeman data were inadequate, many impurity lines 
were always present, and it was suspected that the 
line list was far from complete. In his 1928 paper on 
wavelength measurements in spectra of hafnium 
Meggers stated [2] “The greatest difficulty in de- 
scribing the are spectrum of hafnium arises from the 
band spectrum which probably originates with the 
oxides. Some of these bands are very strong and 
extremely complex over long spectral ranges. In 
many cases it is impossible to decide if faint lines 
belong to Hf 1 or to the HfO, spectrum”. Attempts 
to improve the description of the hafnium are spec- 
trum with electrodes of solid hafnium metal kindly 
donated in 1951 by C. P. Keim of the Oak Ridge 
National Laboratory were frustrated by the strong 
background of HfO spectra from 3000 A to the 
infrared limit of photography, and by the presence 
of metallic impurities, mostly zirconium. 

Before hafnium was discovered, the accepted 
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Figure 1. Types 


chemical atomic weight of zirconium [7] was more 
than a half-unit larger than its present value, 91.22. 
This difference was later explained {8} by the un- 
suspected presence of hafnium as an impurity in the 
earlier samples of zirconium. Likewise, after in- 
formation about the spectra of hafnium became 
available it was found [3] that all earlier descriptions 
of zirconium spectra contained many hafnium lines. 
The complete separation of hafpium and zirconium 
is one of the most difficult chemical operations, and 
to this day neither has been obtained spectroscopically 
free from the other. However, since certain prop- 
erties of these metals have recently been found to 
be useful in the construction and operation of nu- 
clear reactors, greater efforts have been made to 
provide large quantities of high-purity hafnium and 
zirconium, 

In December, 1955, two rods of hafnium metal, 
4-in. diameter, 4-in. length, were generously pro- 
vided for our further spectroscopic investigations by 
Stephen M. Shelton of the U. S. Department of 
Interior, Bureau of Mines. A complete quantitative 
spectrochemical analysis of these samples was also 
provided; it expressed the impurities in parts per 
million as follows: (Cd 0.5, 6 0.2, Al 20. Fe 500. 


Type 7 
8546.42 


of Zeeman patterns for Hf 1 observed at NBS using electrodeless lamps ina field of 37,000 oersteds. 


Type 3 
6185.13 


Cu 40, Pb <10, Cr <30, Si 150, Mg 40, Ti 100, % 

50, Ni 40, Mn <10, Mo 60, V 40, Co <5, Sn <G 
Zr 80. Thus the total impurities of these sample 
approximate 0.1 percent, and zirconium, which we 
alwavs the most troublesome, constitutes only 0.008 
percent. Of these impurities, only the stronger ling 
of Fe, Si, Ti, Zr, Zn, and Al were observed in the 
electrodeless lamps described below. 

Recently, a hew type of light source was described 
by Corliss, Bozman, and Westfall [9], who showel 
that a bright emission spectrum of any metal could 
be obtained from out-gassed quartz tubes inclosing 
a minute amount of any volatile compound of that 
metal, when excited by microwaves. The fits 
hafnium lamp of this type was made by producing 
in an evacuated quartz tube, a chemical reactio 
between filings of the above-mentioned hafnium 
metal and a small ery stal of iodine. The spectrum 
emitted by this lamp was photographed from 200 
to 12000 A; it was much richer than any hafnium are 
spectrum because it completely suppressed the usual 
HfO bands that always obscured several thousand 
hafnium lines of low or moderate intensity. The 
only defect was the presence of some strong iodine 
lines and an entirely new system of bands, presull 
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ntensity in several short intervals of spectra. These 
lines and bands were replaced by others when the 
lamps were made either with hafnium bromide or 
with hafnium chloride. Thus by observing and 
‘omparing the spectra of two different halides the 
halogen lines and molecular bands are completely 
recognized as differences whereas the atomic spectra 
of hafnium (and its impurities) are mutually con- 
firmed. Such a comparison between hafnium iodide 
and hafnium bromide spectra was made between 
2000 and 6500 A, but, because many very intense 
bromine lines appear in the red and near infrared, a 
lamp containing hafnium chloride was used in these 
regions to confirm hafnium spectra emitted by the 
hafnium iodide lamp. Among the three hafnium 
halides, hafnium iodide was the easiest to prepare 
and its hafnium spectra were more intense and less 
blended with halogen lines because iodine emits no 
strong lines between 2062 and 4100 A. 

These lamps were excited with a commercial dia- 
thermy unit of 125 w power and 2,450 me frequency, 
were Observed end on. The spectra above 


2000 A were dispersed by 22 ft radius concave 
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Types of Zeeman patterns for Hf u observed at NBS using electrodeless lamps in a field of 37,000 oersteds. 


Type 6 
6279.84 


diffraction gratings in Wadsworth stigmatic mount- 
‘ings. Two 6-in. gratings were used, one ruled 
15,000 and the other 30,000 lines per inch. The 
spectrographs and photographic plates employed in 
recording hafnium spectra have been described [10] 
in a paper on the spectra of rhenium. When the 
hafnium spectrograms were made no effective way 
of varying the excitation of the metal halide lamps 
was available to distinguish Hf1 from Hf lines. 
Therefore, on each spectrogram a series of exposures 
was made of successive increments of slit illuminated 
by the d-c are in air, the high-voltage condensed 
spark in air, the spectrum of the hafnium halide 
lamp, and the are spectrum of iron. The last pro- 
vided international standards of wavelength for 
measurements of hafnium lines by interpolation 
and the others permitted the assignment of all 
hafnium lines to the proper atom or ion. It was 
observed that the hafnium halide lamp emitted 
Hf1 lines with the greatest intensity, sharpness, and 
number, but it also gave with lower intensity but 
equal sharpness practically all of the Hf lines, 
which usually appear as broad, hazy, or unsym- 
metrical lines in the spark. Because the metal 
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halide lamps operate at a much lower pressure and 
temperature than the conventional ares and sparks 
they emit sharper lines, and one should apologize 
for measuring their wavelengths relative to the 
international standards obtained from an iron are 
at atmospheric pressure. 

Below 2000 A a normal incidence vacuum spec- 
trograph containing a 2-m radius glass grating ruled 
with 30,000 lines per inch was used to photograph 
hafnium vacuum are and spark spectra with re- 
ciprocal dispersion of 4.2 A/mm. 

In addition to wavelengths and relative intensities 
of lines in different light sources, it is desirable, for 
an improved description of hafnium spectra, to ob- 
serve the Zeeman effect on as many lines as possible. 
Back and Landé [11] have shown that only 6 types 
of resolved Zeeman patterns exist, 3 for even multi- 
plicities and 3 for odd. A 7th type has a single 
undisplaced p component and two symmetrically 
displaced n components; it is generally characteristic 
of singlet terms or other transitions between levels 
with equal g values. These 7 types have all been 
observed in hafnium spectra; typical patterns are 
reproduced in figures 1 and 2 where types 1, 2, 3 are 
uniquely characteristic of Hf1, and 4, 5, 6 of Hf1. 
This sorting of Hf1 and Hf 11 on the basis of Zeeman 
types was in perfect agreement with the separation 
of these spectra according to relative intensities in 
different light sources. 

Besides of great value for sorting spectra, resolved 
Zeeman patterns are almost indispensable for the 
quantum interpretation because the quantum num- 
bers (j) associated with the total angular momentum 
of the radiating atom are given directly by the num- 
ber of components, and the intervals between 
neighboring components equal the difference between 
the magnetic splitting factors (g) of the combining 
levels. The first observations of Zeeman-effect in 
hafnium spectra have already been mentioned [6]; 
they greatly facilitated the analysis of Hf, but 
were inadequate for an extensive analysis of Hf1 
because they were made with a spark operated in a 
6-mm pole gap of a Weiss magnet producing a field 
intensity of 35,000 oersteds. In August 1949 
greatly improved Zeeman spectrograms were ob- 
tained by courtesy of G. R. Harrison of the Massa- 
chusetts Institute of Technology, by using an are 
in a magnetic field of 83,000 oersteds produced by 
the Bitter magnet [12]. The gratings available at 
MIT also had 2 or 3 times the resolving power of 
the one employed at the Bureau, but the MIT grat- 
ings had very low efficiency for waves longer than 
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about 5000 A. The MIT Zeeman spectrograms 
hafnium were therefore supplemented from 5000 
9000 A by recent observations at the Bureay with 
hafnium-iodide lamp in a magnetic field of 37.0 
oersteds. The patterns reproduced in figures 
and 2 were taken from these spectrograms, | 

The results of the final effort to provide an im! 
proved description of hafnium spectra are presented 
in table i, where measured wavelengths, estimate; 
relative intensities in arc, spark, and tube speety; 
assignment of individual lines to successive spect 
and Zeeman types are shown in successive columps 
Notation in the table conforms to the report of Sub. 
committee e of the Joint Commission for Speety. 
scopy [13]. Further details of the Zeeman effect 
are reserved for reports on the quantum interprety. 
tion of Hf1i and Hf: in the present paper th 
Zeeman-type numbers suffice to confirm the assign. 
ment of particular lines to their proper spectrum g 
inferred from relative intensities in different ligh 
sources. 

The generous donations by ©. P. Keim and by 
S. M. Shelton of massive metallic electrodes ¢ 
hafnium for our investigations of hafnium spectra 
are gratefully acknowledged by the authors. Al) 
we thank G. R. Harrison for letting us use the exed. 
lent equipment at MIT for observing the Zeemm 
effect. 
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TABLE 1. Emission spectra of hafnium 
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TABLE 1. Emission spectra of hafnium—Continued 
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TABLE 1 Emission spectra of hafnium Continued ' 


Wave length Intensity Zeeman W avelength Intensit) Zeemay ? 

in air Spectrum type im air Spectrum type = 
Tube Spark Tube Spark 
i 1 

2283. 555 1Oh II] 2339. 15 3 I ao% 
2284. 60 10 2) 1! 2339. 66 | 20) II} 
2285. 42 3 5h I 2340. 39 3 6hl I — 
2288. 551 { I 2340. 59 5 I 7h oo 
2288. 630 2 3 I 2342. 06 I 337 
2289. 28 2 I 2342. 40 2 I 9" 
2291. 06 2 I 2343. 320 30 70 iI 7 e 
2291. 64 S 10 II 2344. 957 8 a 
2292. 34 2h II 2345. 42 3 5 1 337 
2292. 77 2 3H1 2345. 565 2 I 337 
2294. 88 I 2347. 444 10 100 I] 6 237 
2296. 13 { 6h I] 2347. 88 l I 36 
2207. 42 | 2349. 33 2 2h II 235 
2297. 71 2 349. 751 5 | 335 
2298. 336 9 20 I 2350. 48 2 I a3 
2298. 57 | I 2351. 211 50 150 I] 6 226 
2298. 80 3 i] 2352. 04 8 235 
2299. 190 5 I 2352. 60 5 I 5 
2302. 116 3h I] 2353. 02 10 | I 236 
2303. 22 I 2h I] 2353. 31 | I 235 
2304. 343 6 | 2353. 506 | I iat, 
2304. 51 lh I] 2355. 38 5 | 235 
2305. 34 l ! I] 2355. 48 150h II] 225 
2306. S81 2 I] 9355. 65 2 I 36 
2308. 04 2 I 2355. 78 3 I 235 
2308. 75 2 II 2356. 55 1} I] 2 
2310. 22 70h III 2357. 05 3 I 236 
2310. 92 I 358. 01 8 I 1 | 5a 
2312. 82 2 I 2358. OO 10 I 234 
2313. 437 200h II] 2359. O8 2 I 2 
2315. 32 3 I 2359. 27 3 I D3 
2315. 93 1 I 2360. 29 5 2HI I Dat 
2316. 48 | 15hl I] 2360. 29 5 2H I] J 
2318. 49 3 6 I] 2361. 200 | I DK 
2319. 08 80) II] 2362. 02 | I \ Dat 
2319. 21 ! I 2362. 34 ! 5H Il 34 
2319. 54 3 I 2362. 304 7 10h] I] 2 
2320. 98 3 5 II 2362. 546 1 I 2 
2321. 153 15 10 I] 2363. 23 8 I 2 
2322. 471 10) 100 II 6 2363. 39 10 I 23 
2323. 253 20 50 I] 2365. 45 l I 3 
2324. 512 10 20 I] 2365. O82 15 20 I] 7 23 
2324. 885 20 50 I] 2366. 365 4 | 23 
2326. 76 3 I 2366. 814 Ss | D4 
2329. 09 | 2 I] 2367. 20 | I 24 
2330. 70 5 I 2367. 64 2 3 I] 24 
2332. 18 | | I] 2368. 48 10 10h! I] 24 
2332. 45 3 7 I] 2370. 44 | I 24 
2332. 960 20 30 II j 2370. a2 2 | 24 
2333. 79 l $hi I] 2371. 41 S 15 1] 24 
2334. 10 | I 2371. 54 3 I 24 
2335. 24 l 2 I] 2371. 92 6 HHI l Il? 24 
2335. 50 l l I] 2372. 23 2 I 24 
2335. 772 4 I 2372. 348 7 10 I] 24 
2336. 467 | 300 Il! 2373. 12 2 I 24 
2336. 693 q I 2373. 206 100 II] 24 
2337. 335 15 LS II 6 2373. 530 S I -- 24 
2337. 597 | I 2374. 186 1d I 24 
2338. 245 5 Shi I] 2374. 516 2 I 2! 
2338. 555 7 | 2375. 937 A) | 24 








; T ABLE a Emission Spe ctra of hafnium Continued 


Intensity 


ae ? Intensity Zeeman Wavelength Zeeman 
‘oan Wavelengt Spectrum type in air a Spectrum type 
. in air Tube Spark Tube Spark 
A 
| —s *” . 
i | I 2410. 137 200 300 Il 6 
2376. 40_ 9 2410. 97 3 I 
ae 7 i 2411. 14 2 3hl il 
p | (2377. 401 120 1 2411. 425 8 I 
2377. 94 - [ 2411. 605 15 3 I 
2377. 98 5 
- a = I 2412. 036 | 5h Il 
> 2378. 160 “ i 2412. 261 2 I 
: 2378. 3 i 2412. 51 7 I 
_ 7 nn eo 412. 622 6 I ’ 
2378. 81 3h 2412. 62 
9378. 925 1 I 2412. 50 t 
6 79 716 5 I 2413. 348 20 60 I] 
aS r ) »~ = » 2 Q7 I 
2380. 305 50 100 + 7 ey ok ; 
» ») 2 ne) ‘ - ° ‘ 
a my = “ 1 I 2415. 11 2 tH iI 
ISL. 0 : OA1m me 2 I 
229 (47 2 » I] 2415. 59 ; 
» - 7s) ad 
6 2389 980 15 I ” = a : 
92” 5 250 e411. ° : 
oo <a7 ' 7 I 2415. 965 15 30 1] 6 
= oo. 2 2416. 427 15 ) I 
2385. 180 3 tH) II 2416. 424 9 
2385 79 2 3 i 2416. 504 6 I 
Ion | 2416. 886 3 5HI Il 
—S 6HI 1 2417. 030 I 
caged D 2417. 26 20 ill 
ae 1 | 2417. 690 200 300 I 7 
2586. 4 2 . 
2387. 38 5 I 2418. O74 2 I 
| - 2418. 29 | I 
9387. 89 6h : III orem = | 
i 23R8, oD y 2419, 17 4 I 
2390. 20 f I 4 a ‘ ; 
2390. 794 8 I eh : ; 
2392. OOS 3 thi Il 2420. 0 
2393. 185 10 60 I J = # 2 5hl , I 
2393. 37 80 100 iI 4 An ~ = ani tI 
2393. 828 100 150 I] 5 aaae = R 9h :, 
394. 973 2 2422. U9 | - - 
\ ot G25 » ; Il 2422. S56 } rh II 
3 iI 2423. 73 3 thl Il 
ae a I 2424. 003 15 30hI Il 
an os 2424. 92 I 
an oa 1( I 2425. 975 100 200 II 6 
23597. abo 10 ane ie U | 
2397. 780 »~) | 2426. 5 5 
2 » | 2426. 804 9 I 
7 a + y 2426. 86 7 20h1 il 
3200, 74 * | 2428. 740 30) I - 
2400 325 “2 | 2428. 993 50 200 I] ) 
400 R04 4) SO i] 7 92430. 144 20 3 I I] 
401. 31 4 2} il 2430. 92 2 
9 500 1 2431. 152 
2401. aZ2 | | 3431. 414 5 
2402. 02 | 1Ohl I] 2451 — ° ; 
4 AL. AU o 
oan oa ; 2432. 854 3h I 
2403. 296 | | 2432. 8: 
- ‘ oe ‘ . » I 
2403. 606 10 4) ia ) 24335 216 2 
2404, 566 4 60 Ii 6 2433 564 60 300 : II 
2405. 421 250) 100 I] } 240505 798 3] : IT 
2405 679 3 l oo a iu 2 , 
2406. O51 & | 240 200 é 
o » roo 1 ] 
2406. 440 4) 100 I] 2434. 522 - 
407. 132 ( 2434. 764 30 80 II i 
} <407 132 ) I ++ 179 : | 
2407. 692 1) l or tie 3 ; 
2409. 140 » I 2435. 767 2 
2409, 54 ) I 2436. 16 r 1Ohl I] 











TABLE 1. Emission spectra of hafnium—Continued 
Wavelength|_ Intensity Zeeman | Wavelength Intensity Zeemap | W: 
in air Spectrum type in air Spectrum type F 
Tube Spark Tube Spark . 
A A ' 
2437. 00 2 3hl I] 2469. 179 150 500 I] 4 9 
2437. 79 3 I 2469. 965 15 I 9 
2438. 316 5 | 2470. 998 20 I 9 
2438. 535 9 I 2471. 21 10 5HI I I] 9 
2440. S14 15 I 2471. 77 6 6H) I] 9 
2441. 05 20 1h! II 2471. 84 lh | 9 
2441. 22 l I 2471. 92 7 I 9: 
2441. 28 10 Il 2472. 54 6 3hl ; 9: 
2441. 53 | [ 2472. 89 I I rf 
2441. 920 30 | I 2473. 00 I >: 
2443. 27 2 dhl I] 2473. 736 { I 9) 
2443. 766 6 I 2473. 908 50 200 I rl >: 
2444. 994 50 I I 2474. O89 15 30 I] >: 
2445. 58 | 9H] I] 2475. 573 iT) | >: 
2446, 248 2 I 2476. 05 6 10h II 2: 
2446. 731 7 Shl I Il 2476. 20 l I 9 
2447. 251 200 500 II 6 2476. 36 3 2h a: 2: 
2447. 65 I I 2476. 92 3 tH] I] 9: 
2448. 216 15h II 2478. 542 2) 50 I] 5 2: 
atte, Cot 2479, 076 3 I ~ 
2449. 053 6 | 2479. 428 20 | 9: 
2449. 440 SO) 200 I] 6 2479. 76 | -- 
2450. 05 { 5hl 1] 2480. 57 I 2: 
2450. O80 10 I 2481. 436 30 100 I] 5 2! 
2450. 66 l | 2481. 96 3 3h I] 2: 
2451. 885 20 I 2482. O10 20 I 2: 
2452. 296 20 10 II / 2482. 518 3 5 II 2! 
2452. 474 80 Ill 2482. 647 10) 2 I 9! 
2453. 013 30 I 482. 934 15 I 2! 
2453. 336 60 300 I] 7 2483. 346 50 80) I] 5 2! 
2453. 990 20 60 II 6 484. 990 10 I 2: 
2455. 200 10 20 I] 6 2485. 354 3 I 2: 
2455. 711 l I P4855. 555 20) | »! 
2456. 061 30 I 2485, 83 3 SHI II 2} 
2456. 31 | I 486. O09 3 thl I] 2} 
2456. 65 8 LOH] I] 2487. 153 60 2 I 2: 
2456. 957 ! | 2487. 90 3 3HI I] 2§ 
2457. 871 15 I 488. 14 | I 25 
2458. 653 30 I 488, S67 6 I 2§ 
2459. 470 15 20) Il 489, 236 15 I 2 
2460. 493 200 500 Il 6 489, SO2 2 I 26 
2461 l | 490, 237 3 th I] 25 
2461. 602 3 | 490. 650 2 | 2 
461. 7 100 II] 2490. 89 9 30H! I] 25 
462. 76 9 1OH] I] 491. O58 3 I 25 
2462. 926 ! I 2491. 156 > | 25 
463. 378 3 | 2491. 64 | | 25 
2465. 547 6 I 2491. S71 » | 25 
2463. 725 3 | 492 O19 3 3h I] 25 
2463. 933 10) 100 I] 6G 24903. OG 5 | 25 
464. 193 200 600 I] 7 2493. 25 3h I] 25 
464. 83 l I 2493. 61 | I 25 
2465. 059 50 150 Il 494, 364 30 HOH] I] 6 26 
2465. 46 | I 494. 74 ? | 25 
2465. 676 30 | I 495. 16 5 2000 IT] 25 
2466. 464 Ss I 2495. O75 l | 25 
2466. 665 10 I 496. O58 10) | I 25 
2467. 518 6 I 496. S18 30 I 25 
2467. 966 60 100 II 5 2496, 991 100 500 II ) 25 
2468. 378 15 m | 2497. 730 8 : o I 25 
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tvpe In air 
A 
2586. 118 
2586. 72 
2586. SO 
} 2587. 49 
2587. 53 


2589. 842 
6 2590. 277 
2591. 329 
2592. 162 
2503. 334 
2593. 420 
2593. 458 
2594. 131 
2595. 584 
2595. S07 
2596. 35 
2596. 67 
2597. 522 
2597. S11 
JI508 132 
2508 S04 
2500. 197 
2500, 39 
6 2600. 230 
2600. 736 
6 2PHOL. 205 
2601. S42 
2602. 663 
2H02. S63 
j 2603. 404 
h 2603. 555 
2603. 02 
3 2606, OLS 
7 2606, 375 
2607. 032 
5 2607. 246 
2608, 450 
t) 2OHOS. OLS 
2 HOO 13 
2609, 274 
2H09, 550 
2609, 713 
2609. 959 
2610. 742 
2610. O40 
6 2611. 340 
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~O13. 6O4 
2614. 294 
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2617. 15 


282 


Continued 


Intensity 


Tube 


30 


m bo ho Go 


ac 


30 


10 
200 
20 


Spark 


2h 


5hl 


SH] 
Shl 


200 


1500 
2000 


200) 
5 


| 


20} 


1500 
100 


Zhi 


— et pdt 





Spectrum 


Zeemay 
type 


; 


t 


Wav 
in 


261 
261 
26) 
261 
20. 
20. 
6: 
26: 
26: 


26: 


26: 
26: 
26 
26 


2% 
26 
26 
26 


26 


26 
26 
26 
yp | 


2 





TABLE 1. Emission spectra of hafnium—Continued 


ns , ;, Intensity ‘ 
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2617. 649 2 Shi I] ; 2648. 140) 4 ; 
2617. 804 a I 2649. 864 3 
. ») ” | 2650. 022 2 | 
’ 2618. 424 - ae - 
2619. 46 2 I 2650. 28 50 III 
2620. 33 ] ] 2650. 737 | I 
2620. 466 3 I 2651. 166 100 300 Il 7 
2620. 596 20 2 I . 785 3 = I 
9620. 772 10 I 2. 330 6 20 Il 6 
2620. 930 9 25 I] 6 . 781 0) l I 
2621. 781 15 20h] I] 7 2653. 040 2 tH I] 
9622. 739 100 2000 I] 5 2653. 826 30 | I 
9923. 318 10 | | 2654. 30 | l 
5 2623. 665 ! I 2654. 35 | lhl II 
9623. 906 } I 2655. 03 3 2h I 
2624. 308 2 I 2655. 394 j 5 I] 
2624. 576 5 I 2655. 657 3 I 
2624. 79 60 5HI I I] 2655. 68 2h Il 
9625. 533 20 10 I] 6 2656. 95 2 | 
6 | 2626, O8 | | I 2657. 487 50 100 I] 1 
2626, 948 50 100 I] 6 2657. 847 100 200 II 5 
2627. 720 | I 2659. 130 5 | 
2627. 805 | Ih I] 2659. 25 5 5h II 
9628. 353 | I 2659. 704 60 III 
2629. 490 10 10h] II 2660. 523 3 3h II 
2629. 756 3 | 2661. 15 20 | 
‘ - - 
2629, 983 8 | 2661. 883 200 500 Il 5 
{ 2630. 168 i) 5I I] 2662. 396 15 I 
2630. 34 2 I 2662. 994 3 | 
2630. 907 100 ; | 2663. 572 3 | 
} 2631. 518 | 2 Il 2663. 717 10 I 
2632. O17 6 20) lI 2664. 02 6 2h I I] 
2632. 737 | I 2664. 583 | l 
2633. 42 2d | 2664. 786 5 I 
2633. 504 2 I 2665. 051 9 I 
2634. 248 0 I 2665. 974 100 300 I] 7 
' 
2634. 425 20 I 2666. 93 | 3h I] 
2635. 104 3 | 2667. 12 2 3h I] 
2635. 570 10 | 2667. 514 20 20h! I] 
| 2635. 780 60 ,00) I! 5 2668. 290 90) 6 | l 
6 2636. 686 | I 2669. 003 80 200 II 6 
B 2636. 997 50 5 | 2669. 558 8 20 I] 
3 2637. 510 2 I 2669. 924 2 I 
2637. 853 15 [ 2670. 305 3 3 Il 
2638. 712 20) Loo II 7 2670. 638 | I 
2638. 975 &0) 11] 2670. 76 2 | 
2639. 183 1 | 2670. 895 6 l 
2639. 960 | 267 1. 022 2 I 
2640. 121 | 2671. 24 30 100 I] 6 
2640, 829 | I 2671. 721 10 l I 
2641. 410 00 1000 1] j 9672. 122 3 | 
2642. O76 60 2 | 2 2672. 454 l I 
2642. 751 R0) 6 | 2 2673. 007 q l 
7 2643. SS6 | | 2673. 060 5 I 
6 2645. 999 15 | I 2673. 191 2 I 
5 2644. 4453 | SHI I] 2673. 542 l | 
2645. 262 20 | | 2073. 78 | | 
2647. 294 200 600 1] 6 2674. 50 l thl Ul 
l 2648. O45 5 Shi I] 2674. 80 5 I 
2649. 136 30 100 I! 5 2675. 250 10 2h I 
2649. 397 ’ | 2675. 47 Ss I 


283 








TABLE | Emission spectra of hafnium Continued 


' si ’ ntensity 
Wavelength Intensity Zeeman Wavelength Inten 


in air Spectrum type in air Spectrum 


y ; 
Zeemay Wave 


Tube Spark Tube Spark type in 
A A 

2675. 957 30 I 2706. 734 70 100 I 5 973 
2676. 27 I I 2707. 87 S I 573 
2676. 426 3 I 2708. 154 l I 573 
2676. 612 20 100 I t 2708. 652 2 I t | ozs 
2677. 558 15 30 I 5 2709. 166 2 I 57 
~/f 

2677. 914 y I 2709. 702 3 I 97 
2677. 99 | I 2709. 963 10 20H1 I] 57 
2678. 403 20 100 I] 7 2710. 63 1 SH] I] 574 
2678. 925 2 I 2711. 17 2 I 97 | 
2679. 40 2 I 2711. 595 5 I 97: 
2679. 761 2 I 2711. 823 10) 5 I - 
2679. 840 2 2h I] 2711. 93 10 10 I] rod 
2680. 592 l I 2712. 00 0) 10) I] a 
2680. 770 2 2h I] 2712. 14 10 60 I] a4 
2681. 72 " I 2712. 424 50 500 1] 7 57 
2682. 180 10 l I 2712. 96 | I "7 
2683. 269 80) I 2713. 49 tj 15h 1 7 ro 
2683. 350 200 1000 I 6 2713. 837 50 5 I 3 7 
2684. 008 10 20 II 6 2714. 06 15 I oF 
2685. 209 50 200 I 7 2714. 56 2 3hl II 37 
2685. 701 td | I7 15. 423 3 I »7 
2685. 72 3 I 2716. 55 27 
2686. 360 20 l I 2716. 87 7 I 27 
2686. 547 6 2717. 36 I 27 
2686. 88 2 I 2717. 54 l I 27 
2687. 220 200 III , 2717. 87 6 20H II | 97 
2687. 846 5 I 2718. 445 30 } I 27 
2688. 360 50 2 I 2718. 496 10 200 I] 7 @ 27 
2688. 980 6 I 2718. 593 50 10 I 3 27 
2689. 322 3 2719. 755 10 I } 97 
2690. 319 7 I 2720. 91 | I 27 
2690. 656 | I 2721. 160 3 7HI I] 27 
2690. 715 tH II 2721. 462 2 I 27 
2691. 04 l I 2721. 90 Ss I 27 
2693. O82 2 I 2722. 893 ! I 27 
2693. 80 2 I 2723. 58 l 2h I] 27 
2694. 058 3 I 2723. 99 2 LOH] I] 27 
2694. 460 l I 2726. 70 60 7 I 3 27 
2604. 76 2 I 2726. 972 5 I 27 
2696. 180 80 10 I l 2727. 17 5 20h1 I] 27 
2696. 552 8 | 2727. 644 I I 27 
2696. 77 2 I 2727. 797 l I 27 
2697. 157 l | 2728. 10 | I 2 
2697. 70 9 I 2728. 22 2 3H] I] ,¢ 
26908 O54 2 | 2729 OOR 10) 5 | 9 2 
2698. 314 2 I 2729. 376 7 2i 
2698. 82 I I 2729. 44 2 thi I] 2" 
2699. 632 70 10 I 7 2729. 88 I 2" 
2700. 12 I I 2730. 13 2 ware I 2 
2700. 834 3 I 2730. 700 50 5 l 2 9 
2701. 43 l I 2730. 86 60 6 I z 
2701. 545 2 I Il 2731. 154 10 60 I] 4 2’ 
2702. 004 3 I 2732. 146 | I 2 
2702. 37 I 2732. 662 10 10h I] s 2 
2702. 507 5 OHI I] 2732. 882 15 100h! I] 2’ 
2703. 163 10 30 I] i 2733. 310 2 I . 2 
2704. 34 2 I 2735. 099 10 30 I] . 2 
2704. 554 15 I 2735. 638 2 I 2 
2705. 612 100 20 I 2 2735. 740 3 5HI I] 7 2 
2706. 645 40 200 I] 2736. 024 20 l I 2 
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TABLE | Emission spectra of hafnium—Continued 





Intensity Intensity ; 
Wavelength Spectrum Zeeman Wavelength Spectrum Zeemap Wave 
in air Tube Spark type in air Tube Spark ivpe in 
A A 
2806. 275 3 I 2843. 530 30 l I 2873 
2806. 624 6 I 2844. S90 10 I 2886 
2806. 80 2 I 2845. 11 3 I 2881 
2807. 49 dhl Il 2845. 57 2 I ’ 288: 
2807. 506 10 I 2845. 832 200 20 I 2 1] 288: 
2808. 00 200 1000 I] 6 2846. 383 5 15HI I] 288: 
2808. 60 1 | 2846. 633 a) I 288: 
2808. 80 2 I 2846. 829 1 | IRR: 
2809. 39 2 I 2847. 047 2 3hl II 288 
2809. 595 10 15 I] 2847. 21 | I 2887 
2810. 20 2 3HI II 2847. 656 3 I 2887 
2810. 78 2 I 2849. 215 300 1000 1] ; IRS 
2811. 692 10 | 2849. 648 10 | IRS} 
2812. 326 10 3 I 2850. 156 10 200 II 5 2R86 
2813. 87 150 600 I] 6 2850. 067 100 20 I 7 IRE 
2814. 478 100 500 I] 6 2851. 211 200 100 I] t) 2891 
2814. 762 60 300 I] 6 2852. O18 100 300 I] fj 289! 
2815. 815 50 2 I 2853. 757 2 | 2891 
2816. 068 20 60h! II } 2854. 168 1 | 289] 
2816. 88 I th! II 2854. 565 1 | 2892 
9217 GR5 ‘ 9Qnr IRD” 
2817. 685 100 10 I 2 2855. 30 | I a5 
2818. 000 2 I 2855. 828 5 I 289: 
2818. 942 60 5 I 3 2855. 997 2 I 289: 
2819. 194 3 I 2856. 975 6 20 Il 289: 
2819. 746 100 15 I 2 2857. 652 50 100 I] { 2894 
2820. 227 500 2000 iI 1 ~ 2858. 658 10 10 iI 4 || 289 
2820. 417 20 100 I] 2859. 103 ti I 289¢ 
2820. 664 2 2859. 66 | 2897 
2822. 355 5 I 2859. 97 | I 2897 
2822. 678 300 1500 I] 5 2860. 314 10 100 II i IRS 
2823. 40 2 I 2860. 558 100 15 3 soe 
2824. 50 , | 2861.009 500 2000 i 5 — 
2827. 27 | I 2861. 695 600 2500 II 5 — 
2828. 078 2 I 2862. 632 20 I 200! 
2828. 148 5 20h iI { 2863. 41 60 1 2 2901 
2828. 430 3 | 2RG63. 64 " | 2901 
2828. 49 1 I 2864. 722 q I a 
2828. 506 2 thi I] 2865. 054 | I — 
2829. 08 2 I 2865. 422 3 I — 
2829. 327 10 200 I 7 2865. 562 5 30h! I “904 
2830. 511 20 I 2866, 373 500 100 I 2 mee 
2830. 985 2 | 2867. O06 » | — 
2831. 934 2867. 70 60 7 2907 
2832 54 10 20H U 7 2868. 107 15 | 2907 
2833. 285 150 20 I l 2868. 950 j I ae 
2834. 130 6 » PREG RY? » - 2907 
2834. 1: 0 10 I 2 2869. 82 SO 200 1] ) 2008 
2835. 140 10 10H I 7 2870. 744 2 3h I oe 
2836. 028 2 | 9871. 72 » I aan 
2836. 13 3 I 2871. 90 50h IT] 2911 
2836. 82 2 I 2872. 246 2 I i 
2837. 55 7: 2912 
2837. 55 I 872. 480 10 I 3913 
2837. 96 2 I 2872. 730 { 3913 
2838. 02 2 I 2873. 632 50 3 3913 
2838. 65 I I 2874. 486 l 3915 
2838. 76 I 5hl I] 2874. 82 | —_— 
2R40. 387 15 eT 2 = 2915 
2840. 387 5 l ] 2876. 328 200 1000 1] 5 2915 
2841. 493 70 7 I 7 2877. 18 80) 7 I 3 2916 
2841. 884 20 LOOHI I] 5 2878. 66 10 | 2917 
2842. 773 2 I 2879. 12 30) 100 I] { 2917 
2843. 10 3 | 2R7T9. 418 » | =I1i 
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TABLE 1. Emission spectra of hafnium—Continued 





Intensity Intensity 
W avelength Spectrum Zeeman) Wavelength Spectrum Zeeman Wave 
in air Tube Spark type in air Tube Spark type in 
i A 

2965. 46 | I 3000. 464 6 i | 203 
2066. 054 7 I 3000. 82 2 I 303 
2966. 953 150 30 I | 3001. 840 { 10 I] 6 2()3 
2067. 230 60 500 iI 6 3002. 46 | I ’ 20)4 
2067. 85 5 I 3002. 90 20 | I 304 
2067. O8 | I 3003. 287 10 I : 304 
2968. 338 10 I 3003. 62 2 I ; 2()4 
2968. 805 300 2000 [I 6 3004. 06 20) l 304 
2968. 94 20 200 II 3004. 337 3 I (4 
2970. 486 j | 3004. 725 } LOH} Il 204 
2970. 60 30 Il 3005. 556-300 100 I 3 } 2()4 
2971. 24 | I 3005. 84 10 I 04 
2972. 00 2 I 3006. 39 10 I 304 
2972. 805 { I 3006. 83 l I 304 
2973. 058 20 I 3007. 03 2 I 304 
2973. 390 = 100 30 j l 3007. 49 3 I 304 
2074. O7 20 70 I] 6 3008. 63 3 LOH] I] 304 
2075. 886 600 3000 II 7 3009. 86 10 | I 304 
2976. 394 10 I 3010. 251 j I ! 304 
2977. 109 6 I 3010. 97 3 I 304 
2077. 587 30 500 II 7 3011. 214 15 300 I] 5 305 
2979. 288 100 30 I » 3012. 19 3 20 Il 5 305 
2979. 934 j | 3012. 893 100 3000 I] 5 302 
2980. 204 2 10) I] 5 3014. 10 | I 305 
2080. 815 500 100 | 3 3014. 84 10 | 302 
2981. 43 I 3014. 947 2 1OHI I / 305 
2981. 8] , I 3015. 90 I 0 
2982. 43 10 I 3016. 28 2 I 30: 
2982. 56 3 I 3016. 69 150 10 I 2 302 
2982. 727 150 10) | 7 3016. 80 200 50 I | 302 
29084. O58 50 10 | » 3016. 96 20 100 I] | 30: 
2984. 352 2 1OHI II 3017. 36 30 j I 30 
2084. 456 7 I 3017. 80 » I 50E 
2985. 80 | I 3018. 30 250 70 | 3 30E 
2985. 938 2 I 3019. 37 | I | 50% 
2986. 74 1 I 3019. 78 2 I 30% 
29086. 943 | 5HI I] 3020. O01 | I Ot 
2987. 244 7 I 3020. 530 300 100 | } JO 
2987. 62 5 I 3020. 99 10 I 5Ot 
29088. 576 5 I 3022. 10 10 100 I] 4 Ot 
2ORY. 46 \ I 3023. 118 10 I : SO 
29089. 76 | I 3024. 335 2 6h I] : SOE 
2090, 228 | I 3024. 592 50 1 I is 30 
2990. 800 10 80 Il | 3024. 780 10 200 II { SO 
2991. 756 2 I 3025. 287 80 300 I] 5 50 
2992. O74 30 5 I 3026. 61 2 I 30 
2992. 624 6H] II 3028. 111 { | 3OM 
2993. O11 3 I 3029. 446 20 | I 30 
2993. 413 2 1OHI I! 7 3030. 36 I 3U 
2093. 647 3 [ 3031. 159 300 2000 I] 5 | 3Ot 
2993. 86 2 I 303 1. 566 3 I 30 
2994. 036 S I 3031. 790 10) I 30) 
2994. 43 I 3032. 48 10 I 30) 
2095. 76 i I 3034. 21 7 I 30 
2996, 278 6 I 3034. 556 30 3 I 30) 
2996. 731 5 20HI I 7 3035. 23 2 30H] II 30; 
2998. 44 3036. 773 10 rod 
2999, 32 2 I 3037. 28 30 I aid 
2999. 523 20 3037. 63 6 | os 
3000. 092 300 1000 1 { 3038. 666 15 I ou. 
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TaBLE 1. Emission spectra of hafnium—Continued 





Intensity Intensity 
‘man Wavelength Spectrum Zeeman) W avelength mi Spectrum Zeeman 
ype in ail Tube Spark type in air Prube Spark type 
A A 
} = - 3039. 025 7 | 3075. 315 10 7 
3039. 647 15 I 3075. 874 20 | I 
6 2039, 70 3 1\OHI I] 3076. 665 } 100 I] 6 
. 3041. 004 2 I 3076. 885 30 | 
2041. 41 3) I 3077. 76 2 I 
: 3042, OSS 30 | I 1 3078. 04 2 | 
3042. 271 20 l 3078. 77 6 I 
3042. 552 15 I 3079. 10 2 3HI II 
3042. 654 3 15H) I] 3080. 27 | I 
3043. 30 3 I 3080. 635 100 2000 I] 6 
3 it 3043. 905 10 I 3080. 842 | 200 50 I 
2044. 103 2) | 3081. 844 7 I 
3045. 28 | I 3082. 14 6 | 
3045. 40 2 | 3082. 526 7 I 
3046. O30 10 100 I] } 3083. O85 8 | 
3046, 6S | l 3083. 151 15 | 
3047. 492 20 l I 3083. 53 3 30HI II 
3049. 06 3 l 3083. 628 0 | 
' 3049, 300 60 15 | 3 3084. 743 20 I 
3049, 74 | 3h I] 3085. 17 2 ] 
5 3050. 760 300 80 | 2 3086. 580 2 | 
5 3051. 16 5 ] 3087. 196 60 6 | 
5 2051. 30 10 I 3087. 947 s | I 
3052. 75 | I 3088. 533 60 5 l 
3053. 28 2 | I] 3088. 985 | I 
| 3053. 74 | I 3089. 39 | I 
3054. 55 100 300 Il 6 8089. 527 7 I 
3055. 415 30 100 I] 5 3090. 170 30 | I 
2 3056. 702 20 2 I 3090. 516 20 I 
| 3057. O10 1O0 100 | 3 3091. 397 10 6 ] 
j 3057. 59 7 I 3091. 770 8 80h] Il G 
3058. 31 2 I 3092. 250 60 500h1 Il 3 
3058. 61 3 I 3093. 65 l 2. I] 
3 3058. 66 | lh I] 3095. 186 | | 
| 3058. 77 | | 3096. 764 150 10 l 3 
3059. 343 10 I 3097. 602 3 | 
3060. O84 100h [I] 3098. 482 3 l 
3 3060. 18 l I 3098. 59 1 ] a) 
3063. 778 S0) 10 | 7 3099. O85 2 20HI Il 
{ 3064. 355 5 20) I] 3100. 47 2 
3064. 686 10 500 1] 5 3100. 792 30 | | 
3066. 18 30 | I 3101. 391 300 1000 I] 5 
* 3066. 515 5 30H] I] 3102. 391 8 I 
j 3067. 426 200 10 | | 3103. 19 | I 
5 3067. 614 60 10 | 3103. 410 15h Ill 
3068. 18 15 | l 3103. 66 20 I 
3069, 213 S0 15 | | 3103. 712 50 l | 
3069, 645 2 10 I] 3104. 49 l th Il 
3069. 726 7 I 3104. 822 10 
g | 3069. 804 » I 3105. 51 2 I 
3069. 950 8 7OHI [I 3106. O01 2 | 
3070. 095 20 I 3106. 14 | lh II 
3070. 498 15 I 3106. 43 | I 
3070. 85 | I 3106. 51 2 I 
3071. 77 10 I 3106. 75 l I 
3072. 365 20 I 3106. 93 | I 
3072. 881 100 100 I 2 3107. 815 3 7HI II 
3073. 48 10 I 3107. 91 2 I 
3074. 104 60 20 I 3 3108. 043 10 I 
3074. 789 100 10 I 2 3108. 63 2 I 
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TABLE 1. Emission spectra of hafnium—Continued 
| Wavelength Intensity = Zeeman Wavelength Intensity Zeeman . Wave 
in air om Spectrum tvpe in air Spectrum type in 
Tube Spark Tube Spark 
A A 

3109. 121 100 2000 II 6 3147. 22 2 I 318 
$109. 852 4 I 3147. 28 i I 318 
3110, 882 50 100 II 1 3148. 10 3 I 318 
3111. 472 t 20 I! . 3148. 415 100 +) I 1 318 
3111. 99 l I 3148. 898 5 I 318 
$112. 43 l Zhi I] 3149. 064 20 2 I 318 
3112. 82 l I 3149. 824 15 l I 318 
3113. 447 7 I 3150. 332 15 l I 318 
3113. 68 2 shi II S151. 64 80 20 I 2 318 
3114. 059 l I 3151. 962 8 I 318 
3114. 56 2 I 3152. 59 20 2 I 318 
3114. 896 15 I 3152. 841 7 I 318 
3116. 19 | I 3152. 952 30 6 I 318 
3116. 506 30 I 3153. 52 3 l 319 
3116. 947 20 200 II 6 3154. 64 2 } = 319 
3118. 33 10 3156. 48 20 2 319 
3118. 63 2 I 3156. 688 200 100 I 2 31% 
3118. 77 ! I 3157. 08 3 I | 319 
3119. 24 l I 3158. 44 l I 319 
3119. 31 2 I 3158. 71 ' I Bly 
3119. 980 100 10 I 7 3158. 82 7 I ) 319 
3120. 645 15 ! I 3159. 84 300 10) I 2 319 
3122. 09 | 6HI II 3159. 96 10 50 II 319 
3122. 322 7 I 3160. 231 10 : I 31% 
3122. 55 2 I 3161. 09 2 I 319 
3122. 87 7h II 3161. 23 ers 319 
3122. 948 10 I 3161. 536 20 3 I 3 31% 
3123. 51 l I 3162. 575 300 30 I 2 319 
3123. 68 I 3162. 624 100 500 iI > 319 
3123. 973 l I 3163. 360 30 3 I s 319 
3124. 510 20 I 3163. 90 3 5hl I . 319 
3124. 89 I I 3164. 385 100 20 | 7 319 
3126. 278 20 100 II 5 3165. 27 " I 319 
3126. 655 20 ! I 3165. 730 50 10 I ? 320 
3126. 95 2) 3166. 97 3 320 
3127. 390 10 I 3167. 15 32 
3128. 760 100 20) I 3167. 454 10 30 lI 320 
3129. 588 80 15 I 3168. 26 8 I on 
3130, 40 3 3168. 390 100 10 I ° 320 
3130. 60 2h 1 3168. 957 2 3hl 1 oa 
3131. 812 400 200 7 3169. 50 Thi I a 
3132. 236 20 3 I 3169. 60 ! I 32 
3133. 03 ! I 3169. 762 10 sZt 
3133. 078 3 60 1 3170. 83 2 32 
3133. 30 | I 3172. Of | 3 
3133. 83 | | 3172. 24 6 I 32t 
3134. 725 600 5000 II 6 3172. 949 300 70 | 3 32 
3135. 562 30 2 3173. 65 thl iT on 
3135. 770 20 | l 3174. 8&2 30 6 | 3 32 
3137. 520 70 30 | | 3175. 957 10 I : 32 
3138. 43 20 | | 3176. 858 200 600 Il ! 32 
3138. 651 200 20 I 3178. 05 10 I oat 
3139. 29 \ I 5 3178. 436 10 5 I | oe! 
3139. 663 100 500 I] 7 3179. 62 10) 5 I 321 
3140. 771 10 500 Il 3180. 19 10 | 32 
3142. 57 3180. 81 20 2 a 
3144, 46 7 I 3181. 008 80) 10 | 7 39 
3145. 315 200 500 I] 6 S181. 148 70 10 I I = 
3146, 22 2 I 3181. 756 5 50 I] 5 - 
3146. 95 1Oh II] 3182. 57 2 I _ 
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TABLE 1. 


Spectrum 


—— oe 
——_— 


Emission spe 


Zeeman Wavelength 


type 


ctra of hafnium—Continued 


in air 
Tube 
A 

3216. 94 10 
3217. 289 100 
3218. 165 5 
3218. 770 70 
3220. 032 10 
3220. 650 100 
3222. 538 30 
3223. 45 l 
3223. 864 5 
3224. 77 | 
3225. 020 5 
3225. 78 l 
3226. 44 5 
3226. 991 10 
3227. 868 10 
3228. 320 2 
3228. 43 | 
3229. 493 15 
3230. 058 100 
3232. 204 20 
3232. 593 l 
3232. 999 » 
3233. 23 l 
3233. 797 } 
3234. 11 7 
3235. 25 } 
3235. 80 » 
3235. 878 l 
3236. 76 100 
3238. 274 10 
3238. 38 2 
3239. O10 20 
3239. 393 SO 
3240. 62 } 
3240. 77 7 
3240. 991 80 
3241. 734 9 
3242. 130 30 
3242. 42 l 
3242. 98 5 
3243. 343 100 
3243. 735 7 
3243. 82 2 
3244. 42 } 
3244. 66 | 
3245. 472 10 
3245. 960 15 
3246. 923 10 
3247. 67 100 
3247. 88 30 
3248. 41 
3248. 49 10 
3249. 154 7 
3249. 529 200 
3250. O04 l 
3252. 144 9) 
3253. 695 100 
3254. 854 10 
3255. 28 200 
3256. 16 10 
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Intensity 


Spark 


200 
100 
5 


500 
l 


15hl 


50h! 
15HI1 


50 
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10 


1Oh 
1OHI 


5HI1 
10 
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20 
20h1 
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» 
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——_— 


_— 


‘Zeeman 
Spectrum type 
| 
Il 5 
Il 7 
1 
II 5 
| 
Il 
I] 7 
II 
II 4 
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II } 
Il 
Il 
2 
II 
II 
Il 5 
I] 
3 
Il 
l 
Il 
II 5 
Il 5 
Il 





Wavelength 
in air 


3256. 37 


Intensity 





3256. 66 
3256. 87 
3256. 96 
3258. 50 
3258. 57 
3258. S4 
3258. 88 
3259. 35 
3259. 97 
3260. 12 
3260. 63 
3260. 947 
3261. 39 
3261. 52 
3261. SUS 
3262. 469 
3263. 92 
3264. 485 
3264. 903 
3265. 281 
3265. 570 
3265. 97 
3266. 525 
3267. 000 
3267 165 
3268. 25 
3268. 32 
3268. 653 
3269. 65 
3270. 58 
3272. 03 
3272. 930 
3273. 646 
3273. 94 
3275. O65 
3275. 44 
3276. 43 
3277. 83 
3278. O80 
3279. 002 
3279. 67 
3279. 971 
3282. 977 
3283. 382 
3284. 81 
3285. 213 
3285. 472 
3285. 644 
3286. 26 
3286. 50 
3286. 8S 
3287. 286 
3288. 31 
3288. 46 
3288. 722 
3288. 78 
3289. 720 
3200. O05 
3290. 25 
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TABLE | 


Spectrum 


Emission spectra of hafnium 


Continued 


Intensity 


Zeeman Wavelength 


type In alr 
A 
3291. 043 
3291. 340 
3291. 600 
3292. O95 
3292. 312 
3293. 116 
3293. 457 
3203. 99S 
3294. 649 
$294. 745 
32405. 585 
3296. 027 
3206, 445 
3297. 673 
3298. 350 
3208. 495 
3 3208. 934 
3299, 662 
3300. 11 
3300. 290 
2 3301. 06 
3302. 164 
3302. 26 
5 3302. 94 
| 3303. 317 
i 3303. 871 
3304. OF 
3304. 42 
3304. 60 
3306. 110 
3306. 374 
S307 36 
7 3308. 390 
6 3300, 193 
S300. 54 
3310. 274 
3310. 825 
S31. 115 
3312. O68 
3312. S69 
3313. O8 
3514. 020 
b 3314 11 
3314. 77 
5 3316. 167 
S316. 54 
S317. 252 
M317. YRS 
S318. 281 
R318. 727 
3319. 257 
3519. 43 
2 3320. 06 
33520. Z28 
3320. 07 
3321. 146 
3321. 274 
b 3321. 50 
3321. 946 
3322. 48 
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TABLE 1. Emission spectra of hafnium—Continued 
} Intensits Intensity 
Leeman Wavelength Spectrum Zeeman Wavelength Spectrum Zeeman 


type in air Tube Spark type in air Tube Spark type 


A A 


3 ; 3399 719 5 | 3358. 906 50 10 I - 
394 03 2 I 3358. 965 100 20 I 7 
2393 394 20 500 I] 5 3361. 22 6 I _ 
3393 TT 2 I 3361. 44 3 1OHI I] = 
3394. 168 10 100 I] 5 3362. 52 l I “ 
8394, 395 5 I 3363. 44 2 I * 
3396. 063 j | 3363. 74 15 I 
/ 3396 315 7 I 3364. 157 10 I — 
23945, 02 ; I 3364. 600 20 I “ 
3327. 46 2 I 3365. 20 | I . 
397 TOS I 3365. 452 2 I _ 
3398 21] 10 300 I] 6 3365. 778 10 1OOHI I] 7 
3398. 42 10 I 3366. 681 100 20 I 3 
3398. 73 2 I 3367. O78 { 10 II ve. 
3390 40 10 I 3368. 50 3 I ae 
3330. 183 20 | I " 3368. 850 j I ta 
3331. 44 10 I 3370. 677 10 200H1 II oaceie 
3331. 857 50 | I 337 1. 04 20 | wi SEs 
3339 737 600 100 I 2 3371. 46 10 I Seat 
3333. 47 | 70h] I] 3371. 92 7 | eens 
3333. 906 20) | 3372. 201 60 5 I 2 
3334 388 10 I 3372. 78 10 ! | Sas! 
3335. 108 30 I 3374. 974 10 I Ji 
3336. OS 20 I 3375. 265 15 | aed 
QIIWE BQ | | 3375. 548 2 I S 
3336. 77 2 LOH] I] 3375. 844 7 I - 
3337. 73 5 I 3376. 055 15 | 
3337. 995 7 I 3376. 517 9 I 
) 3338. 594 y I 3376. 669 12 80 Il 6 
3339. 02 6 I 3376. 90 2 I 
3339, 34 7 I 3377. 02 5 I 
3340. 13 | I 3378. 876 60 6 I 
i 3340. 459 oy) I 3378. 932 150 10 I 
3340. 98 | I 3379. 712 7 I 
3341. 05 6 I 3380. 062 15 I 
6 3341. 20 | I 3380. 79 I thi I] ; 
S341. 870 | ] 3381. 377 10 3 I one 
3342. 73 5 I 3382. 334 30 l I 
5 344. 305 (0) | 3382. 79 | I 
3345. O1 | I 3383. 040 2 I 
3345. 10 6 | 3383. 80 3 I 
3345. 334 I 3384. 14 40 700 Il 
3346. 05 5 I 3384. 694 70 500 II 5 
3346. 95 | I 3385. 196 10 150h Il 
3348. 38 5 I 3386. 214 150 20 I 3 
a 3348. 710 7 I 3386. 907 6 I 
iu 3349. 167 j 100 I] 6 3388. 534 3 l 2 
3349. 24 20 | 3389. 833 200 2000 Il 5 
3350. 33 10 | 3390. 465 50 5 I 
3352. 063 100 1000 I] 7 3391. 43 l I 
3353. 028 50 | I 3391. 97 7 20 II 
3353. 50 7 | 3392. 450 30 l I 
3354. 70 7 ] " 3392. 815 150 40 I 3 
3355. O1 20 I 3393. 900 15 I 
3356. 012 10 50 Il 3394. 162 10 I 
3356. 34 | I 3394. 575 200 1000 II 6 
3356. 788 80 10 I 3394. 980 150 2000 Il 6 
3358. 187 20 I 3395. 888 100 4 I 
3358. 288 30 300 I] 5 3396. 65 j I 
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TaBLe 1. Emission spectra of hafnium—Continued 





' 
Intensity Intensity 
Wavelength Spectrum Zeeman) Wavelength Spectrum Zeema Wa 
in air Tube Spark type in air Tube Spark type : 
A A 

3397. 257 200 20 I 3 3440. 860 100 6 I . 34 
3397. 602 100 20 I 7 3441. 835 150 & I q 34 
3398. 54 3 I 3443. 412 2 10h II . 34 
3399. 793 1000 5000 I] 5 3444. 140 7 I 34 
3400, 218 200 20 I 3445. 068 10 I 34 
3401. 73 3 2 I 3446. 481 10 10h I] 34 
3402. 512 200 20 I 2 3447. 446 30 2 I 34 
3405. 304 6 I 3448. 284 100 8 I 7 34 
3405. 89 { I 3448. 969 50 3 I 34 
3407. 140 50 10 I 3 3449, 82 6 I 34 
3407. 750 10 700 I] 5 3450. 33 2 10H] II 34 
3407. 928 20 | 3450. 54 | I 34 
3408. 63 7 I 3451. 522 20) I | 34 
3408. 679 8 I 3451. 64 | THI I! 34 
3409. 546 20 | I 3452. 304 70 10 I 9 34 
3409, 72 10 I 3452. 576 15 I 34 
3410. 157 150 2000 II 6 3452. 619 10 | 34 
3410, 892 7 3453. 136 10 3 34 
3411. 253 10 I 3453. 525 1) 3 34 
3411. 734 5 I 3455. 858 10 I 34 
3412. O16 2) 3455. 998 10 34 
3412. 374 100 10 I 2 3456. 39 2 I 34 
3412. 687 8 I 3456. 831 30 34 
3413. 732 30 100h I] 5 3457. 559 l lh I] 34 
3414. 313 7 I 3458. 18 34 
3414. 543 ? I 3458. 69 8 39 
3415. 20 2 9HI 1 3459. 98 2 39 
3416. 04 3 I5SHI I 3460, 720 20) I a 
3416. 52 3461. 250 6 39 
3416. 82 3 3461. 33 5 30 
P - « P P : ‘ — o 35) 
3417. 34 300 30 i 2 3461. 77 3 | re 
3419. 171 500 oO I | 3462. 12 5 | 
3419. 80 5 I 3462. 646 150 300 I] 5 ov 
3419. 87 2 I 3464. 12 2 I - 
3420. 00 I 3464. 720 50 2 I 
3420. 775 20 | 3465. 120 30 | i a 
3421. 435 10 100 II 5 3465. 93 5 10) I] (i 35 
3422. 542 15 I 3467. 410 20 I I 25 
3423. O08 7 I 3467. 569 150 15 I 2 25 
3423. 500 20 | 3468. S10 3 15 I] - 
3423. 656 S I 3468. 99 A | = 
3426. 478 30 | I 3469. 260 5 20 I] 25 
3427. 430 150 20 I I 3469. 9] | I 35 
3428. 363 200 500 II 5 3470. 300 7 I 3 
3431. 189 10 | 3470. 800 15 I 

3431. 79 3 I 3470. 910 10 a 
3432. 28 2 I 3472. 410 800 100 I l 35: 
3432. 577 9 I 3473. 982 30 I 35: 
3434. 639 50 j I 3475. 16 60 3 I 35. 
3434. 969 15 l I 3475. 483 30 2 I r 
3435. 277 15 I 3475. 59 6 20H! I] om: 
3435. 58 I Shl IT 3476. 450 2») I Qn 
3436. 438 10 2 | 3476. 573 10 I 35: 
3436. 81 ) I 3477. 96 2 10h] I] 35: 
3437. 15 | I 3478. 978 100 1000 Il 6 

3437. 30 10H III 3479. 284 = 250 1500 II 7 oa 
3438. 29 5H II] 3481. O5 7 | 355 
3438. 428 300 30 I 7 3481. 410 15 I 35° 
3439. 669 20 I I 3481. 895 70 3 I 35% 
3440. 07 | 1OHI II 3483. 111 50 2 I 
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TABLE 1, Emission spectra of hafnium—Continued 





' 
Intensity Intensity 
, tavelensth| Spectrum Zeeman | Wavelength Spectrum Zeeman 
teeny | War pube | Spark type) inairs | Tube | Spark type 
A A 
3484. 14 2 SHI i] 3532. 500 5 I 
> |} | 3484.718 | 100 6 3532. 978 10 2 I 
3487. 573 20 300 I] 1 3534. 498 30 2 | 
3487. 886 10 I 3535. 549 500 2000 il 7 
3488. O18 30 2 | 3536. 630 100 50 I 3 | 
3488. 324 10 I 3537. 75 2 8H] Il 
% 3489. 29 2 I 3540. 166 10 I 
3489. 628 10 I 3541. 33 3 I 
3489, 918 6 I 3541. 45 l I 
3490. 540 70 2 I 3541. 65 2 I 
3491. 587 60 | l 3542. 503 60 4 I 
3492. O12 6 I 3543. 56 10 | 
3492. 242 10 I 3543. 828 3 I 
z 3493. 20 | I 3544. 760 5 10 II 
3493. 551 15 I 3545. O17 20 l i 
3493. 726 7 I 3545. 937 50 2 I . 
3494. 174 60 3 | 3547. 865 30 l ] 
3494. 99 20 I 3548. 816 300 30 | 
3495. 750 150 700 I] 5 3549. 218 10 I 
3 $05 Q23 j 50 1O0) ] | 5 35 1%. 632 20 l 
3497. 168 100 60 | 3550. 283 2 10 II 
3497. 498 1500 150 l » 3550. 696 30 | I 
3498. O88 100 10 | l 3551. 743 20 
3499, 96 2 3h II 2552. 706 100 1000 Il 6 
| 3500. 575 6 I 3553. 44 5 l 
3502. 831 2 5h I] 3554. O15 150 20 | 
3505. 227 392000 6000 I] j 3555. 004 30 | | 
3506. 872 10 I 3556. 05 5 I 
3508. 248 30 | | 3556. 995 20 I 
3509. O77 30 | | 3557. O83 10 | 
3510. 418 20 I 3558. 470 100 10 | 
3511. 039 5 1OHI I] 3559. 83 2 th Il 
. 3511. 297 100 5 | 3561. 654 1500 3000 II 6 
3511. 847 30 200 II 5 3563. 253 7 | 
3513. 27 300 30 | 3 3563. 634 30 3 j 7 
3513. 535 10 | I 3564. .07 200 30 | 7 
. 3515. 06 2 I 3564. 652 10 2 I 
P 3515. 606 10 20 I] 3564. 868 10 I 
. 3516. 105 | I 3566. 59 | I ? 
3516. 817 SO | ] 3567. 360 600 50 I 3 
3517. 732 60 3 | 3569. 036 1000 3000 Il 4 
3518. 360 10 10 I] 3570. 971 | I 2 
3518. 742 100 100 I] 6 3572. 016 20 2 I 
3519. 62 10 I 3573. O74 8 I 
3520. 270 10 I 3574. 39 | I | 
i 3521. 560 100 10 j 3574. 785 10 l I 
3522. 223 30 I 3574. 813 20 2 I | 
3523. 025 1000 100 I 2 3575. 44 l I 
3523. 50 10 10H] II 3576. 43 l I 
3525. 547 Oo) 5 I 3577. 546 7 | 
3526. 651 20 | I 3577. 96 l I 
3526. 872 80 | I 3579. 899 150 15 I 
3528. 217 30 I 3580. 466 10 100 Il 4 
6 3529. 358 10 I 3581. 564 15 I 
= 3529. 694 3 I 3582. 006 | I , 
. 3530. 870 80 | I 3583. 267 100 10 | 3 
3530. 947 50 2 I 3583. 646 3 10H) Il | 
3531. 224 200 15 I l 3584. 215 3 I | 
3531. 83 3 I 3585. 073 6 I 
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TABLE | Emission spectra of hafnium—Cont inued 


Intensity Zeeman Wavelength Intensity Wa 
Wavelength Spectrum type in air Spectrum Zeeman : 
in air Tube Spark Tube Spark Lype : 
A A 
3586. 383 15 | I 3627. 850 70 10 I | ‘ 36 
3587. 142 20 } I 3628. 116 10 I 36 
3587. 23 5 I 3628. 96 2 I 36 
3587. 884 » | 3630. 872 700 100 I i 36 
3588. 258 7 I 3632. 02 2 1OHI 1 36 
3588. 849 10 3632. 323 20h 1 36 
3589. 557 2 I 3632. 694 10 5 I 36 
3589. 684 3 I 3633. 181 10 oO iI 5 Bt 
3590. 349 ie) I 3633. 513 5 I dt 
3590. 86 3634. 12 { 36 
3591. 113 2 »%) Il 3634. 144 5 I - 
3592. 12 I 3635. 254 20 2 I 3 
3502. 67 | | 3635. 425 150 10 I 9 26 
3593. 55 5 I 3636. 31 | I 26 
3593. 608 30 2 | 3637. 06 | | . 
3504. 434 5 30 I] 5 3637. 594 90 7 i 3 2 
3595. 06 | I 3638. 728 15 I BY 
3595. S88 2 I 3638. 885 | I 2 
3596. 11 l I 3639. 95 | I 3 
3596. 27 3 I 3639. 97 | I ’ 
3597. 403 30 300 Il 6 3641. 80 | I -* 
3597. 501 60 10 I 3 3642. 552 5 20h! II 2 
3598. 510 6 I 3644. 357 1000 3000 I] 7 By 
3598. 614 7 I 3645. 351 6 I ; py 
3599. 108 10 100 I] 6 3646. 63 | I 
. e Mi | 3t 
3599. 284 3 30 II 3647. 467 | 15 I] 3 
3599. 867 200 60 I I 3647. 54 5 I BY 
3600. 04 2 7O0hI II 6 3648. 348 5 100 I] 5 BY 
3601. 68 [ 3649. 106 700 60 I I BY 
3602. 202 3 | 3650. 535 100 10 I | 
3 
3602. 42 | I 3651. 838 100 10 I 3 _ 
3602. 914 2 I 3652. 902 I 7 I] 3 
3603. 626 1) 1 I 3653. 34 | I 3 
3603. 994 15 I ; 3653. 46 | I 3 
3605. 26 1 I 3654. 57 | I 
3 
3605. 322 2 I 3654. 756 5 I BY 
3605. 50 l I 3655. 652 30 2 I 3 
3606. 231 2 I 3656. 406 2 | 3 
3606. 784 5 I 3656. 60 2 15HI I] 3 
3607. 844 3 I 3657. 428 2 I 
3 
3608. 646 8 I 3657. 776 15 I 3 
3609. 116 50 8 I 3658. 22 | I 3 
3610. 851 8 I 3658. 49 6 I 3 
3611. 42 2 I 3658. 50 2 I 3 
3611. 462 i I 3659. 031 10 100 I] 4 
3 
3612. 127 10 I 3660. 36 | I 3 
3612. 479 30 j I 3661. 046 30 100 I] 5 3 
3615. 034 300 30 I 2 3661. 385 30 2 3 
3616. 892 2000 200 I 3 3661. 711 3 I 3 
3617. 699 50 8 I 3661. 734 3 30 Il 
3 
3618. 684 20 I 3662. 92 l 3h II 3 
3618. 732 30 2 I 3663. 36 10 I 3 
3620. 041 100 10 I 7 3664. 020 | I . 3 
3620. 432 6 | 3664. 57 80 8 I 3 
3621. 79 | I 3665. 343 200 1000 I] 4 
} 3 
3622. 311 } | 3666. 279 20 I | 3 
3622. 450 15 100 II } 3666. 597 | 20h! I] 3 
3623. 994 70 300 II j 3666. 818 5 50 I] 4 9 
3625. 42 l I 3667. 24 § | 3 
3625. 93 3 I 3668. 19 100 10 I l 
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FABLE 1. Emission spectra of hafnium—Continued 


Intensity : ; Intensitv zo 
Wavelength Zeeman|| Wavelength BVOnaEs) y 
Zeema in air oe Spectrum type in air et pegs Spectrum — 
type , lube Spark Tube Spark = 
A A 
3668. 59 2 I 3716. 05 ¢ ‘ 
1 if i6 - 3716. 054 30 2 I 
3669. 49 15 I 3717. 144 80 7 2 
. 7“) . - = pag . ¢ I 
—_ 4 wa —_ I] ” 3717. 802 1000 100 I 7 
] 3673 06 ie , I i 3718. 781 2 30 Il 
3673. 06 3 3719. 27: 300 3000 Il 4 
3674. 07 2 i 3721. 500 80 7 
an ean - vial. aU ‘ I 
ee | 8 | |g 1 | 372266 | 1 | 20 i ; 
; petty — . 3722. 904 } I 
my ‘ ‘ ’ ” or ‘ > - 
3677. 50 I a a > 
3724. 444 2 I 
3677. 6S 1 3 | 3725 6S 
sa7n. Oy 3725. 6 I 
3678. O28 7 60h] I] 5 27 9¢ > - > o m 
F 3681. 384 20 100 II { ebay be — a - 
, 3682. 247 | 3000 200 3 3798 179 > - 
7 3683. 57 5 I , 3128. 179 é I 
3683. 57 : 3728. 378 3 I 
ioeatihi hiial ‘ 
3 o688 362 : 3729. 093 150 15 I 7 
ar oe : 3730. 760 20 ) I 
ar on : 3732. 99 2 I 
ANDAs vo 2725 7 > r 
3687 2 3733. 786 1000 100 I 
3687. 84 2 I 3735. 364 5 I 
3688. 756 ‘ en 
3600 10 3 3737, 866 0 
z 3691. 185 1) ) I 3737. 866 30 1000 I 7 
3691. 45 “9 2 I 3739. 030 150 10 I 3 
‘ 3692 770 j I 3739. OS 2 
2. 3739. 835 2 7HI II 
: 3693. 156 10 I an 
3693. | . 3741. 12 2 I 
3693. 60 °%0) 3 I > one rod 
: 3694. 16 10) { | S781. 306 ° 
1 3695. 72 2 3741. 94 100H III 
3608. 52 3744. 002 30 2 I 
6. O24 100 1) I 3744. 958 20 500 II 6 
, 3697. 08 50 a Pe 
3 3697 61 . | 3¢ 45. 765 2 Thi Il 
3698. 392 30 100 II one — oO 
3698. 83 3 : 3747. 481 20 200 II : 
3699. 55 10 1] shen cae > 
34 18. 04 2 3 I 
| 
3699. 57 5 I 2749 7 
on a - 3748. 71 l I 
3699. 73 70 1000 I 7 37 :: 
3701. 158 80 2000 + 4 — > 
3701. 83 15 I toy 779 
3702 : : - ool, iad 10 I 
- 3 60hI I 3751.824 15 
3702. 93 ey 
3703. 154 2 5/52. 784 | = 20 - I 
3703. 816 10 753. 225 | 100 20 3 
3704. 067 15 I 3755. 024 
3704. 351 ‘ a ae : u 
F ) 6 I 3755. 620 i I 
3704. 657 2 30h!1 imine: ite 
- 3704. 938 10) 3 | = oe 3 : I 
4 3705. 404 20 500 II — 99 I 
3707 02 6 3756. 17 l I 
3756. 85 3 
| r l 3756. 850 I 
3707. 92 i I oune en 
3708. 500 3 I 3156. 98 I 
3708, 85 I 3757. 554 20 l I 
- 3709. 044 { I ni iy 1 : ” - . 
3711. 142 jn 3/60. 75 l - I 
4 1 50h] IT ‘ 3761. 79 2 I 
3711. 692 3 I —— 
3711 83 3762. 500 30 1000 Il 4 
3712. 29 3763. 232 20 2 I 
j 3712 5> ; I 3763. 524 ] I 
3712 649 : I 3763. 943 i I 
- ‘ I 3764. 528 90 8 I 7 
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TABLE 1. Emission spectra of hafnium—Continued 


‘ 
Intensity Intensity 
Wavelength Spectrum Zeeman Wavelength = Spectrum Zeeman ] 
in air Tube Spark type in air Tube Spark type Wa 
A A | 
3765. 046 100 9 I 7 3811. 781 100 10 I 3 it 2 
3765. 558 100 10 I 3813. 3 | I ve 
3766. 917 20 2000 II 3813. 69 a 
3768. 254 200 10 I ; 3813. 848 9 I x 
3770. 32 I I 3813. 972 5 | oe 
38 
3770. 603 3 60h! I] 6 3814. 992 1 I « 
3771. 350 20 200 II 6 3815. 542 30 2 I we 
3771. 98 7 I 3816. 069 60 6 = 
3772. 824 2 15hl I] 3816. 59 l I of 
3773. 122 50 } I 3817. 196 30 100 I ) ee 
on 
3776. 78 5 I 3818. 112 15 I 7 ac 
3777. 10 5 ] 3818. 83 2 I --- 
3777. 658 | 2000 200 I | 3819. 348 50 7 I 26 
3779. 87 5 I . 3819. 882 | 10hl I] -- 
3780. 092 20 100 II 6 3819. 90 3 I 29 
ov 
3780. 620 3 I 3820. 728 | 1000 100 I 3 29 
3781. O16 2 I 3822. 64 { I 26 
3781. 46 5 I 3822. 819 6 I ial 28 
3781. 550 5 I 3823. 510 5 100h1 I] 6 28 
3782. 437 60 5 I 3823. 838 5 I - 
- Os 
3782. 782 15 200 Il 5 3824. 58 6 I 2g 
3785. 46 3000 250 I 3824. 961 0) { I 29 
3787. 375 50 1 I I 3826. 46 3 I 38 
3787. 980 10 I 3828. 506 30 | I 22 
3788. 110 5 I 3829. 686 100 20) I 3 28 
» 
3788. 368 6 I 3830. 018 200 0 I 2 / 2g 
=- ~- - - ~ »” 
3788. 520 15 I 3830. 658 | | 28 
3788. 837 10 I : 3831. 120 10 ; I 29 
3789. 27 7 I 3831. 94 | I 38 
3790. 718 2 I 3833. 502 10 } I 38 
3790. 87 | I 3833. 667 60 5 I | 32 
3791. 14 3 | 3834. 23 3 I 38 
3791. 398 3 I 3834. 423 H I 88 
3791. 592 6 I : 3834. 484 7 I 38 
3791. 907 i I 3834. 703 | whi I] 38 
| 
3791. 94 1 I 3837. 196 | I Bit 
3792. 56 l I 3838. 355 y 50h! II ! 38) 
3793. 384 500 1000 II 6 3839. 55 1 I 22) 
3794. 66 2 I 3841. 107 8 I 38) 
3794. 964 15 l ] 3842. 782 9 ] 38) 
3795. 366 10 I $843. 214 5 I 301 
3795. 704 7 I 3843. 402 2 I 3 
3796. 29 l 6hl II 3844. 11 l I 3 
3796. 66 ] | 3845. 962 8 ] . 30 
3797. 935 20 200 II 7? S846. 521 7 I 30 
3798. 68 150 15 I 3849. 19 1000 70 I 3 so 
3799. 230 } I 3849. 517 40 1000 Il 7 3 
3799. 49 5 50 IT 3850. 364 50 | l 3 
3799, 83 10 I 3851. 676 20 | I 39( 
3800. 38 1000 100 I 2 3852. 52 l I ‘ 3 
3800. 452 300 50 I ; 3852. 716 20 l I 3 
3801. 92 l | 3852. 978 2 | 31 
3802. 652 15 | 3854. 35 10 3 I 39] 
3804. 198 50 j ] 3854. 638 5 ] 391 
3804. 533 100 10 I 3854. 95 | | 391 
3805. 44 l I 3858. 3 800 SO I l 391 
3806. 065 30 1000 Il / 3860. 910 200 20) I | | 391 
3809. S82 3 I 3861. 885 7 | 391 
3810. 575 10 200 I] { 3863. 436 20) 2 391 
3810. 61 7 I 3863. 655 2 I 391 
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Continued 


TABLE | Emission spectra of hafnium 





; 
Wavelength Intensits Zeeman) Wavelength Intensity | 
in air Spectrum type in air Spectrum ‘tant \ 
Tube Spark Tube Spark “I 
A A 
3960. 54 l I 1007. 337 Ss SO II E 
3961. 68 I I 1007. 59 I 
3962. 04 1 I 1008. 452 15 60 II 6 
3962. 764 3 I 1008. 95 l I 
3963. 472 1 I 4009. 862 20 I 
3963. 944 l I 4011. 503 100 | I 
3964. 956 20 300 Il 5) 1012. 24 | I 
3966. 162 10 [ 1013. 259 7 I 
3966. 938 3 I 1013. 58 I I 
3967. 254 30 2 I 1015. 672 10) 2 I 
3968. 008 100 20 I 1016. 99 I I 
3968. 985 10 I 1017. 685 3 I 
3969. 79 2 I 1018. 912 9 I 
3972. 228 20 l I 1019. 274 | I | 
3972. 642 3 I 1019. 68 | I d 
3973. 477 600 20 I 2 1020. 247 15 30 II 6 
3975. 132 3 30h! II 5 1021. 593 7 I { 
3975. 624 2 I 4022. 151 sh I } 
3977. 383 10 2 I 4022. 830 10 2 I { 
3979. 370 20 500 IT 1 1023. 976 | I } 
1 
3981. 148 10 l I 1024. 918 20 I 
3981. 698 80 3 I $026, 22 l I } 
3983. 87 3 I 1026. 29 2 I } 
3984. 02 20 100 II 6 $026. 470 2 I t 
3984. 83 7 200h] II a) $027. 72 l I t 
t 
3985. 32 l I 1029. 158 30 70 II 5 
3985. 57 3 I 1030. 03 I I 1 
3985. 67 6 I 1030. 68 l I 4 
3987. 270 20 I 1031. 924 20 2 I i 
3088 128 { I 1032. 266 300 15 I 2 4 
4( 
3988. 70 2 I 1033. 861 10 10 II 5 
3989, 28 | I 1034. 48 i I i 
3989. 37 I 1035. 65 2 I A 
3989. 48 2 I 1035. 76 I . 
3089. 61 3 I 1035. 888 3 I i 
( 
3990. 00 l I 1036. 15 l 3h II 
3990. 524 2 I 1037. 224 5 I 0 
3991. 25 ‘ I 1037. 64 I 1 
3991. 77 | I 1038. 379 30 2 I 10) 
3991. 82 2 I 1038. 646 20 I 10 
40 
3992. 75 10 2 I 1039. 56 I I 
3993. 35 3 I 1040. 35 I 10 
3995. 99 2 II 1041. 63 | I 10 
3996. 53 l I 1041. 768 10) 2 I 1() 
3996. 79 15 60 II { 1043. 571 2 10 
10! 
3997. 09 30 I 1044. 370 80 8 I 2 
3997. 807 20 I 1045. 198 65 0 
3998. 001 15 I 1045. 444 5 40S 
3998. 15 2 I 1046. O41 3 I 408 
3998. 38 5 20h! I 1046. 64 l - 
3998. 54 7 40 I] 6 1047. 600 20 I I 
3999. 79 I I 1047. 790 15 I 108 
1001. 53 10 2 I 1047. 950 10 300h1 I 5 alt 
1003. 432 3 I 1048. 443 2 20h1 I + 
1003. 715 10 l I 4048. 664 10 2 I oa 
| 1004. 385 10 2 I 1049. 446 10 100h1 I 6 
4004. 679 15 I 1049.702 30 2 I a1 
4005. 490 3 I 1050. 670 7 60 II 5 +1 
| 4006. 480 2 I 1050. 883. 100 5 I 2 tlt 
4006. 90 [ 1053. 246 10 { I a 


300 





: TABLE 1. Emission spectra of hafnium—Continued 


Intensity ~ 





“an Wavelength Intensity Zeeman Wavelength ‘Zeeman| 
, in air Spectrum type in air Spectrum type 
Tube Spark Tube Spark 
i Le 
3 A A 
|i | 4054. 686 20 2 I 4105. 10 2 I _ 
6 1055. 70 I I a 4105. 58 8 I 9 
4055. 928 6 I 4105. 63 S I ay 
4057. 439 SO 6 I 3 4105. 81 5 l I was 
1058. 124 2 I 4106. 553 200 15 I 2 
4058. 626 l I 4107. 09 4 I se 
1060. O85 1 I 4107. 21 ae 6H II ae. 
1062. 84 100 60 I 3 4107. 76 I : I adds 
) 4063. 754 5 I 4108. 73 6h II 1 
1064. 880 20 | I 4108. 821 7 I ah 
1066. 21 200 30 | 3 4109. 44 | : I whieh. 
4067. 830 100 10 I l 4109. 52 l Ey: I we 
4068. 256 70 3 I 3 4110. 412 2 ; I tet 
4070. 168 2 I 4111. 108 60 3 I ide 
1070. 297 3 I - 4111. 946 6 I AAES 
P 
’ 1 4070. 669 3 4112. 301 3 I werd 
1071. 006 9 | 4113. 573 60 150 II 4 
1071. 20 5 20h! I] 5 4115. 132 6 I x 
1071. 438 4 I L 4115. 88 50 4 I 1 
1072. 641 3 I 4116. 385 10 I et 2 
1072. 885 7 l I 4118. 583 100 8 I 7 
41074. 34 l ] 4118. 882 40 3 | Sadi: 
1074. 760 2 ] 4119. 518 10 1 I site 
| $074. 92 l I 4120. 44 2 I = 
1076. 962 4 I 4120. 96 | I <a" 
0 
1077. 80 10 2 | 4123. 22 | I 7 
$078. 413 90 5 I 4123. 51 7 60 II 4 
1078. SSO 7 I . 4125. 071 5 30 II 4 
2 it 1079. 380 2 I 4127. 628 10 I — 
1080. 442 200 100 Il 6 4127. 788 30 200 II 4 
) 
1082. 172 5 I . 4129. 11 1 ee 
1082. 477 { I 4129, 22 3h I er 
1082. 578 3 I 4130. 42 l I 7em 
1082. 65 Shl I] 4131. 64 1 I 
1083. 36 300 30 I 2 4132. 70 15 I 3 
1086. 194 1 thi I] 4134.15 lh I ro 
1087. 00 2 | 4136. 13 lh : I : e 
1087. 942 50 5 I l 4138. 304 2 I — 
1088. 18 9 I ; 4138. 64 8 20 Il 6 
4093. 160 600 1LOO0 Il 6 1138. 905 10 ] I 
1094. 00 10 | 7 1139. 44 3 I den 
1094. 66 2 I 4140. 20 2 10 Il : 
1094. 93 i) I 4140. 89 1 I F 
1095. 49 30 2 I 4141. 720 10 4 I 
1096. 41 l | $141. 83 2 10 II 4 
») 
1097. 140 2 7 I] 5 1142. 64 I I 
1097. 43 I $142. 824 3 I 
1097. 975 30 2 I 4144. 77 3 I ~ 
41099. 17 3 I 4145.759 150 15 I 3 
1099. 35 2 I 1147. 84 | I 
1099. 69 i I 1149. 76 1 I 
5 1100. 13 I I $150. 93 j I 
1100, 38 l I $152. 17 1 I ‘ 
$100. 993 7 I $155. 347 20 2 I e 
1101. 464 2 I 1156. 75 6 10 Il 4 
6 
$102. 22 2 I $157. 64 | I re 
5 |] $103. 103 8 4158. 20 3 I a. 4 
2 $103. 578 t I 1158. 60 10 I ie 
1104. 234 150 8 I 2 1158. 910 20 100 Il ' 4 
1104. 90 l I , $160. 49 ) I 
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Emission spectra of hafnium 


Zeeman! Wavelength 


in air 


A 
$251. 
1256. 
1260. 
1262. 
1263. 


1268. 
1268. 
1269. 
1269. 
$270. 
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—F—- 
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}281. 
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: TABLE 1. Emission spectra of hafnium—Continued 


Intensits Intensity 


Zeeman Wavelength Spectrum Zeeman)|Wavelength Spectrum Zeeman 
type in air Tube Spark type in air Tube | Spark | type 
— 
A A 
' | 4350. 506 30 100 Il 6 1428. 459 7 I | 
1351. 172 30 2 I 1429. 17 l I ioe 
3 1352. 567 60 7 I | 1429. 60 { I 
: 1353. 36 30 5 I 1430. 652 15 I > 
2 1354. 05 10 I 1431. 155 { : I | 
| 
1354. 16 10 I F 1431. 86 { I a 
1356. 306 300 10 I 3 $432. 024 7 ‘ I ie 
: 1357. 000 60 7 I $432. 14 3 cp 
6 if | 4358. 70 5 I 1432. 78 I 
1359. 90 l I 1434. 123 10 I a 7 
. 1360. 19 7 I 1434. 340 20 I 
1360. 32 10 2 I 1435. 63 7 I ; | 
$362. 12 20 2 I 1435. 95 3 I lg 
1362. 85 3 I 1437. 44 6 I in 
1365. 377 60 6 I 2 1438. 038 200 30 I 7 | 
1365. 679 3 10 I] 6 1442. 40 3 s I ane 
1367. 893 70 150 II 5 1443. 076 i 10 I 7 
1368. 83 5 I 1443. 74 15 I ‘ 
1370. 02 2 I 1444. 07 l I : 
1370. 948 80 300 II 7 $445. 92 1 I 
1374. 44 2 I 1448. 086 15 I 
1376. 58 15 | I 1448. 41 l I 
1379. 064 10 3 I 1448. 76 2 1OHI I “ 
- 1379. 175 50 3 I 1452. 67 6 10 II 7 
‘ 1380. 70 7 I $452. 92 80 8 I 3 
1380. 966 7 I $453. 728 10 I 
1382. 420 5 I $454. 582 7 ] 
1383. 88 2 I 1457. 347 300 10 I 2 
1384. 180 4 I 1459. 992 15 l I 
1384. 629 7 I 1461. 181 200 30 I I 
1385. 490 8 30 1462. 465 10 I . 
1386. 075 i I 1464, 29 5 I 
1386. 668 3 I 1465. 196 2 I 
1389. oats 15 I 1466. 39 15 150 II 5 
1390. 720 20) 2 I 1466. 88 l I 
a 1301. 27 20 2 1468. 882 10 I 
. 1392. 10 | 10H) 1468. 96 2 I 
6 1392. 311 15 1473. 042 20 3 I 
6 1396, 528 { 1473. 313 15 | I 
WU 1397. 14 3 10 1473. 72 l I 
1397. 382 { 1474. 063 5 I 
1397. 69 5 $474. 511 15 2 I 
1402. 59 3 1477. 60 5 I 4 
- 1403. 62 2 1478. 824 3 I 
) 1404. 14 20 3 1478. 94 2 I 
1406. 98 3 1480. 044 | I 
. 1407. S84 2 1481. 38 I I 
- 1407. 96 3 1482. 20 10 I . 
1408. 81 I 3 1482. 57 2 . os 6 ieee 
1412. 386 0) 3 $482. 86 1 I ae 
7 1415. 33 | 1483. 28 3 20 II 7 
) 1416. 19 10 3 2 1483. 61 2 I - 
6 $417. 37 60 300 7 1485. 253 15 2 I . 
1417. 91 150 20 7 1486. 126 10 150 Il oy 
1418. 247 70 y 3 $486. 612 3 8Ohl Il -. | 
1418. 60 10 1487. 057 2 I 
1419. 76 3 1488. 00 l I | 
1422. 26 60 6 1489. 03 1 I 
1422. 80 00 100 I 1490. 580 10 70 Il 4 
1426. 18 } 50h! I 1490. 90 ! I 
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TABLE 1. Emission spectra of hafnium Continued 


Intensity 





Intensity 











Wavelength Spectrum Zeeman Wavelength Spectrum Zeeman W 
in air Tube Spark type in air Tube Spark type 
A A 
5000. 81 I I 5082. 21 3 I ’ 
5001. 96 3 I 5082. 770 2 I 
5002. 06 2h I 5084. 74 I I 
5004. 50 l I 5O85. 07 2 I 
5005. 18 2 I 5086. 482 t I 
5007. 21 l I 5086. 96 10 l I 
5007. 94 2 I 5087. 37 2 I 
5008. 068 3 l 5087. 46 2 l 
5011. O1 Ih I 5089. 50 | I 
5012. 185 10 | I 5090. 876 15 2 I 3 
5012. 89 th I 5090. 996 6 I 
5013. 82 1 SHI II 5091. 28 3 I 
5014. 28 l I 5093. 698 5 I 
5018. 20 200 20 I 1 5094. 117 3 I 
5021. 13 10 5 I 2 5094. 683 5 I 
5021. 745 10 5 I 2 5096. 21 l I 
5023. 09 70 5 I 2 5097. 40 1 I 
5025. 91 15 l I 3 5097. 74 2 l 
5029. 46 3 I 5098. 80 2 I 
5029. 71 2 I 5100. 64 60 } I l 
5929. 99 lh I 5101. 668 10 } I 1 
5033. 32 l I 5102. 634 2 I 
5034. 14 2 I 5105. 64 l I 
5034. 33 { 30 I] 5 9107. 319 } I ‘ 
5034. 92 30 3 I 7 9108. 55 l I 
5035. 50 l I 5109. 04 th I 
5035. 899 6 I 5110. 56 2 50h II 4 
5037. 74 9 I 7 5111. 148 20 2 I 
5038. 08 3 I 5112. 130 100 10 I 1 
5039. 15 3 I 5117. 09 10 | 
5040. 202 15 I 5122. 727 } I 
5040. 815 50 100 II } 5126. 81 3 I 
5042. 30 l I 5127. 05 5h I] 
5043. 102 2 I 5128. 116 s [ 
5047. 440 300 30 I 2 5128. 504 20 100 II 4 
5049. 915 l 20h II } 9128. 96 6hl II 
5051. 319 50 3 I 3 9130. 28 | I 
5053. 68 2 I 131. 38 l I 
5055. 93 2 | 9133. 10 15 I 
5056. 89 10 I 5133. 66 I I 
5057. 037 5 SOh I] 6 5135. 81 5 I 
5058. 166 7 10 II 6 5136. 20 30 2 I l 
5058. 778 } I 9136. 52 2 I 
5060. 584 5 I 5137. 86 l I 
5061. 80 3h I 5139. 51 5h I 
5064. 15 3h I 140. 202 { i 
5064. 67 2 I 141. O44 5 I 
5067. 65 2h I 5141. 19 2 I 
5068. 62 THI II 141. 81 2h | 
5069. 810 20 | I 1 5142. 997 9 I 
5071. 21 5 10 li j 5144. 30 2 I 
5072. 295 8 I I 5145. 22 2h I 
5073. 131 t | 5145. 72 2 I 
5074. 72 l 7HI I] 5146. 14 l Thi I] 
5075. 920 10 50 II 6 5147. 401 7 I 
5076. 29 2 I 5148. 62 Lh I 
5077. 614 6 I 9148. 899 8 | 
5079. 629 20 300 II 5 5153. 122 10 / I . 
5080. 406 2 10 I] j 5156. 04 l 50h! II 6 
5081. 77 10 I I 157. 21 5 I 
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TABLE 1. Emission spectra of hafnium—Continued ) 


Intensity Intensity 








Wavelength Spectrum Zeeman) Wavelength Spectrum Zeeman \ 
in air Tube Spark type in air Tube Spark type 
A A 
5322. 365 9 I 9405. 23 2 | 
5324. 035 7 I 410. 27 2 I 
§324. 25 15 1L00h! II 5 411. 806 2 I 
5324. 59 2 I 5412. 17 i I 
9324. 78 l I 5415. 99 l | 
5327. 31 l I 5418. 75 l | 
5327. 89 3 I 5419. 305 3 I 
5328. 89 10 I 5420. 408 2 15h I] 6 
5330. 85 I I 5420. 84 l I 
5331. 94 2 I 5421. 21 2 | 
5332. 40 | I 5421. 91 l I 
5334. 3 6 l I 5423. 37 l | 
5337. 10 2 I 5423. 981 60 9 I 2 
5338. 386 8 l I 9426. 35 Ih ] 
5340. 027 2 I 5428. 304 15 2 | 
5341. 48 I I 5430. 034 2 15hl Il 5 | 
341. 956 2 I 5430. 17 | | i 
9343. 75 l I 5430. 708 7 I i 
5343. 99 1 I 5432. 732 2 I } 
344. 3 l I 5433. 190 6 ] 
5344. 93 l I 5433. 728 ri I 
5345. 40 l I 5434. 20 | I 
5346. 283 10 100 II 6 5434. 74 6 | | 
5347. 00 I I 5434. 970 6 I ; 
5347. 65 I I 435. TSI 30 | I 7 
5348. 394 15 70 II 6 438. 75 100 10 I 2 
5349. 774 i I 5439. 698 15S 2 I 
5354. 724 200 10) ] l 441. 95 2h I 
5357. 355 10 I 9442. 565 5 I 
5358. 338 10 6 I 2 5442. 950 3 I 
5358. 54 t I 5444. 055 15 200 II 7 
5360. 33 2 I 5445. 06 | I 
361. 02 | I 5445. 23 l I 
361. 35 I 15hl II 6 5448. 55 | I 
361. 466 3 I 5448. 86 | 2h Il 
9366. 764 2 I 5450. 42 l I 
368, 52 20 2 I 7 5450. 56 | | 
9370. 804 9 l I 9450. 978 3 I 
371. 112 15 2 I 451. 50 ] I | 
9371. 767 2 30h! II ! 9452. 02 2h I 
3373. 863 300 0 | 2 5452. 92 300 30 I 7 
5376. 302 10 l ] 7 5456. 542 7 I 
5381. O02 2 I 5463. 31 150 20 | 7 
1382. O83 2 | 5463. 36 10 100 II 5 
5383. 04 10 ! I | 5465. 73 20 2 I 3 
9384. 65 3h I 5467. 32 10 l I l 
5385. 26 2 | 5468. 66 l I 
5385. 37 2 I 5470. 149 6 I 
5389. 336 100 20 I 7 5470. 66 ] | 
9391. 343 10 60 II 6 5471. 290 3 I | 
5391. 59 3 I 5474. 54 l th? II 
9393. 122 8 I 480. 633 2 I 
0394. 896 20 3 I 2 480. 83 l I 
9396. 11 i I 485. 778 Ss I 
9397. 484 3 I 486. 12 2 I 
5398. 655 10 l I 3 486. 72 l I 
5399. 40 l I 488. 40 3 | 
403. 60 2h I 488. 87 2 I 
9404. 457 50 7 I 3 490. 48 l I 
405. 12 ] I 491. 87 l I 
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TABLE 1. Emission spectra of hafnium—Continued } 
| 
Intensitv Intensity 
Wavelength Spectrum Zeeman) Wavelength Spectrum Zeeman 
in air Tube Spark type | in air Tube Spark type 
A A 
5650. 811 50 6 I 3 5745. 22 2 I 
5654. 645 80 8) I 3 5748. 72 80 8) I 3 
5658. 777 l 10hl I] 5751. 510 3 I 
5660. 38 l 7h! Il 5751. 718 i I 
5660. 97 l I 5752. 18 3 I 
5662. O78 10 1 I l 5752. 531 2 20h! LI 6 
5662. 982 20 2 ] 2 9756. 51 3 I 
5664. 37 “ 6h! II 5756. 83 10 I 
5664. 824 i I 5758. 96 10 I 
5668. 716 20 2 I 2 5762. 41 2 I 
5673. 565 1 100h] II 7 5765. 37 10 { I 2 
5677. 210 8 I 9765. 96 30 1 I 7 
5679. 553 30 I 2 9766. 50 2 iI . 
5680. 444 10 I 9767. 20 20 60 I] 6 
5681. 110 t I 5771. 397 15 I 
5682. 34 2 I 9773. 33 | I ; 
5682. 47 l I 5774. O16 8 I 
5683. 738 6 I 7 5774. 89 3 | 
5684. 807 15 l I 5776. 00 I I 
5686. 18 ] I 5778. 92 l | 
5688. 12 15 I 5780. 46 7 I] 
5688. 81 I 2 II 5784. 75 2h I A 
5689. 77 l Shl I] 5791. 71 10 I 
5690. 41 l I 9794. 72 10 I A ; 
5690. 58 I I 5796. 329 30 2 I 3? 
5691. 15 l I 5799. 760 50 5 I 3 
5691. 914 3 I 5800. 567 j I x 
5692. 72 I I 5801. 693 5 70 II 7 
5693. 02 { I 5801. 83 6 I ‘ 
5694. 34 5 I 5802. 88 10 3 | 3 
5695. 732 8 I “ 5803. 64 2 I 
5697. 25 15 2 | 3 5804. 84 l I 
5699. 46 i I 5806. 28 l I 
5700. 82 l I 5808. 428 30 2 I 
5701. 11 j I 5809. 27 5 I 
5702. 10 20 2 I l 5809. 499 10 100 I] 6 
5703. 95 2h - | 5810. 26 2 awe I 
5706. 64 5 I 5810. 58 2 ] 
5706. 85 2 I 5811. 275 15 2 | 
5708. 38 10 I a 5813. 14 l I 
5713. 267 100 10 I 7 5816. 499 3 I ; 
5719. 175 600 100 I 2 5817. 475 80 6 | 3 
5721. 68 3 ] 5817. 920 6 I 
5723. 880 | s l I 5818. 194 } I 
5724. 80 6 I 5818. 58 l I 
5729. 683 20 2 ] 5837. 05 6 i I 
| 5734. 13 10 i I 5838. 896 40 4 | l i 
| 5734. 514 | 50 6 I 3? 5842. 235 20 300 II 4 
| 5735.61 | 2 - I 5844. 879 8 ] : 
| 5735.986| 9 ! I 5845. 866 | 100 10 I 2 
| 5736. 32 | | a I 5847. 12 3 I 
| 5736. 92 7 Z I : 5847. 768 80 8 I ‘ 
5737. 37 l 4 I] . 5849. 688 60 8 I l 
| 5738. 24 | 2 II ees 5851. 54 | a I ia 
| 5739. 915 4 : I : 5853. 44 l I — 
5740. 93 | | ~~ Ps 5853. 76 3 5 I =— 
5743. 49 l —_—s | J wal 5856. 55 lh ‘ I - 
5744. 217 10 l | J ‘ 5858. 349 30 3 I 2 
5744. 37 1 | I ‘ 5859. 07 4 I - 
| 5745. 12 | | I 5859. 34 3 I - 
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TABLE 1. Emission spectra of hafnium—Continued 
= = = _ SS — — a — = | 
Intensity Intensity | 
Zeeman Wavelength Spectrum Zeeman); Wavelength | Spectrum Zeeman 
type in air Tube Spark type in air Tube Spark | type 
A A | 
i 5860. 42 1 I 5971. 91 2 si -  »&§  <=iaeee 
3 5862. 07 2 I 5974. 294 200 30 I nn Zs 
5864. 32 I I a 5974. 728 80 8 I ay 
5868. 195 8 5978. 67 150 | 20 I | oe | 
5868. 39 2 I 5980. 264 S toe . * - -Saa 
6 5868. 50 l I 5981. 24 2 alan I joel 
5868. 97 2 I 5981. 41 ee Pes & I P diate | 
5869. 106 7 I 5983. 381 9 | 1 I | ame | 
5871. 84 I I 5986. 22 ee == I P aie 
5872. 93 sh | 5986. 62 20 2 I 1 
2 5873. 712 7 [ _ || 5989. 76 2 I , on 
7 5879. 772 8 I i 5991. 567 4 I > ee 
4 5881. 44 5991. 806 5 pis I Seta | 
6 5882. 50 2 I ; 5991. 97 4 oie I’ ena 
5883. 650 70 10 I 7 5992. 08 3 ‘< own 
5885. 04 3 I - || 5992. 97 50 6 I ot. 
5886. 31 30 2 I 3 5993. 07 5 I F See. 
5887. 43 20 2 I 1 5994. 58 10 ee co 7 
5890. 46 200 30 I I 5996. 70 > | wee I en J 
5891. 18 5 I 5996. 99 1 I | Seem | 
5892. 80 3 I 5998. 05 3 : I | rims 
‘ 5896. 63 50 4 I 7 6000. 56 1 I Prank” 
5898. 19 15HI I] 7 6002. 30 1 I PACE 
» ae 5900. 53 3 I _.... || 6002. 51 1 I pes 
3? 5902. 95 500 70 I 3 6002. 64 2 I cae eee 
3 5906. 259 { I 6004. 18 30 2 I ; #4 
- 5906. 393 8 I 6006. 375 2 6hl II | 4 
7 5911. 506 { o> ee 6007. 03 3 ee I Pears 
‘ 5913. 91 2 | 6011. 843 | 4 : [>  >% 2 ee 
3 5914. 73 l I 6014. 90 2 aoe I | - 
5918. 28 I 6015.360| 10 e” I we 
5922. 94 10 I 6016. 78 100 20 I J 
5926. 48 10 5 I 7 6017. 83 S Fass . » =e 
5927. 208 5 I 6018. 46 2 wena I dkiel 
5927. 53 2 I 6019. 34 3 aa I mens 
6 5929. 36 2 15h] II 6 6021. 77 20 2 |I 2 
’ 5933. 70 150 20 I 3 6022. 54 1 Seas . «dy }) Se 
5936. 02 5 I 6024. 93 2 . I pom 
5938. 142 15 2 I 2 6026. 14 a re . ..""  °) Se 
5938. 80 1 I “ 6027. 559 5 200h | II 4 
eh 5942. 41 3 I . | 6030. 58 3 cose i nh. 2+) — eee 
3 5944. 10 l I 6031. 92 2 20h! | II } ae 
5945. 12 2 I 6033. 938 2 te I aecble: 
5945. 78 I 6038. 82 3 I It Saahe 
5946. 524 7 I 6039. 711 10 l I BE IKS 
5949. 390 ti I 6040. 37 15 1 I Bs.4 
l i 5949. 60 l I 6041. 43 3 30h! II »’ 2 
4 5949. 80 2 I 6044. 61 1 osaluk Be 
: | 5950. 26 l I 6047, 98 4 15hl | II 5 
2 5951. 24 1 I 6048. 86 I ~conon ft 2. Cf ee 
aad 5952. 86 2 I 6052. 071 4 west bt © 2 
2 5953. 13 I I 6054. 166 80 So Fs 7 
1 5954. 20 th I 6059. 067 S fac ie. 2 ie 
aia 5954. 71 { I 6059. 62 1 neces OR ne lien ee 
= 5957. 24 { I 6063. 75 . fo S - + ae | 
— 5959. 30 2 I 6064. 257 10 | 1 . ae 
et 5959. 57 5 7, 6064. 712 | Ce ee i eee 
2 5966. 30 4 I iti 6069. 20 | ee Ea te . oS 
ie 5968. 37 1 me I S mami 6070.16 | S 6S oe .  .. “05! eee 
- 5969. 37 5 20h! | Il | 5 || 6070. 591 8 1 4. > ae | 




















Wavelength 


in ¢ 


A 


5650 


5654. 
5658. 
5660. 
5660. 


5662. 
5662. 
5664. 
5664. 
5668. 


5673. 


5677. 


5679 


5680. 
56S 1. 


5682. 
5682. 
5683. 
5684. 
5686. 


5688. 
5688. 
5689. 
5690. 
5690. 


5691. 


5691. 
5692. 
5693. 
5694. 


5695. 


5697. 2 


5699. 


5700. 


5701. 


5702. 
5703. 
5706. 
5706. 
5708. 


5713. 
5719. 
5721. 
5723. 
5724. 


5729. 
5734. 
5734. 
5735. 
5735. 


5736. 
5736. 
5737. 
5738. 
5739. 


5740. 
5743. 
5744. 
5744. 
5745. 


. S11 
645 


re 
38 


97 


078 
982 
37 

824 
716 


565 
210 
. 553 
444 
110 


34 
47 
738 
807 
18 


12 
81 
77 
41 
58 


15 
914 
72 
02 
34 


732 
5 
46 
82 
11 
10 
95 
64 
85 
38 
267 
175 
68 
80 


683 
13 


32 
92 
37 
915 


93 
49 


880 | 


514 | 


986 | 
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50 
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10 
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20 
10 
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eet et OY] 


Spark 


6 
9 
10h] 


7h! 


bo 


Shi 


Nu 


10 
100 


— oe ee — -- ee —— ee ee =—— ei 
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TABLE l. 


Spectrum 


Emission spectra of hafnium 


Zeeman|| Wavelength 
type 


Ne 


312 


in air 


DD ee Ww 


3. 64 


. 28 
. 428 


97 


~ wm? 

. 499 
. 26 
. 58 


7-7 


- a#fo 


3. 14 


». 499 
7.475 
. 920 
. 194 
. 58 


. 05 

. 896 
. 235 
. 879 
5. 866 


.12 
. 768 
9. 688 
. 54 


53. 44 


53. 76 


5859. 


. 349 
. 07 


34 


Continued 


Intensity 


Tube 


40 
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20h! 


to 


100 
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—— ee ee ee ee 
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— ee 
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TABLE 1. Emission spectra of hafnium—Continued 
a — = = ————_—— | 
Intensity Intensity 
Zeeman Wavelength Spectrum Zeeman) Wavelength Spectrum ‘Zeeman| 
type in air Tube Spark type in air Tube | Spark | | type 
A A | 
i 5860. 42 1 I 5971. 91 2 I | es 
3 5862. 07 2 I 5974. 294 200 30 I GB wh 
5864. 32 l I ¥ 5974. 728 80 8 I of 
5868. 195 8 I 5978. 67 150 | 20 I | 7 
5868. 39 2 I 5980. 264 8 | I blondie 
6 5868. 50 I I 5981. 24 2 — I PrP 
5868. 97 2 I 5981. 41 o> Sse I pen 
5869. 106 7 I 5983. 381 9 | 1 I | dace 
5871. 84 1 I 5986. 22 | imeed I De 
5872. 93 3h I 5986. 62 20 2 I 1 
2 5873. 712 7 I 5989. 76 2 I | os 
7 5879. 772 8 _ 5991. 567 ae pee I ee 
4 5881. 44 l I 5991. 806 5 mu I Soa 
6 5882. 50 2 , I : 5991. 97 4 ‘ I iS 
5883. 650 70 10 I 7 5992. 08 3 I ee 
5885. 04 3 I 5992. 97 50 6 I Be. 
5886. 31 30 2 I 3 5993. 07 5 I ee 
5887. 43 20 2 I 1 5994. 58 10 imide Pry 
5890. 46 200 30 | I 5996. 70 . 4 wcclie 2 es 2 
5891. 18 5 I 5996. 99 l I | cnt 
5892. 80 3 5998. 05 3 I pres 
. 5896. 63 50 / I 7 6000. 56 1 I gz 
5898. 19 l 15H) I] 7 6002. 30 | I cee 
-|8 5900. 53 3 I . a 6002. 51 1 I pee 
3? 5902. 95 500 70 I 3 6002. 64 2 I Denture 
3 5906, 259 { te 6004. 18 30 2 I ) ae 
a 5906. 393 8 I 6006. 375 2 6hl II | 4 
7 5911. 506 4 I 6007. 03 3 ae I pert 
; 5913. 91 2 I 6011. 843 4 . I D ee 
3 5914. 73 l I 6014. 90 2 I 
5918. 28 l I 6015. 360 | 10 wheal I bebe 
5922. 94 10 I 6016. 78 100 20 I ee 
5926. 48 40 5 I 7 6017. 83 2 mek AS BU AS ee 
5927. 208 5 I 6018. 46 2 aaa I eel 
5927. 53 2 I 6019. 34 3 cowenk ae wees 
6 5929. 36 2 15hl II 6 6021.77 | 20 2s “5 2 Z 
5933. 70 150 20 I 3 6022. 54 l mee | I Erne 
5936. 02 5 ; I 6024. 93 2 - I | ---- 
5938. 142 15 2 I 2 6026. 14 7 er  -...) - i eee 
5938. 80 I I - 6027. 559 | 5 200h II oe 4 
_| | 5942. 41 3 I . | 6030. 58 3 juan I | ride 
3 5944. 10 l I 6031. 92 2 20h! II | § 
5945. 12 2 I 6033. 938 2 — I | aeee 
5945. 78 l I 6038. 82 3 I | ddwe 
5946. 524 7 I 6039. 711 10 l I | iis. 
5949. 390 6 I 6040. 37 15 1 I te 
l | 5949. 60 l I 6041. 43 3 30h! II 5 
4 5949. 80 2 I 6044. 61 1 aideien I eT Baek 
-| J 5950. 26 1 I 6047. 98 4 15hl | II 5 
2 5951. 24 l I 6048. 86 l esas fF ee) *lLUClCU eee 
iam 5952. 86 2 I 6052. 071 4 . @ aie ee 
2 5953. 13 I 6054. 166 | 80 is 7 
l 5954. 2¢ lh I 6059. 067 4 ccoose lt © --, © | See 
‘ 5954. 71 { I 6059. 62 1 eocuse RCO > eee 
5957. 24 { I 6063. 75 S ticsea | jt >i. =a | 
‘ 5959. 30 2 I 6064. 257 10 1 - (so. )>4 SR eee 
will 5959. 57 5 I 6064. 712 S | whee oe »  e See pee 
2 5966. 30 4 I ia 6069. 20 | SD asec ;: ~~... yee eee 
‘ 5968. 37 l oa I Jeeta 6070. 16 1 SB | S. . Wi aie 
es 5969. 37 5 20h! | II 5 | 6070. 591 8 1 1g J. \. a See 
313 - 











Wavelength 
in air 


A 
6071. 92 
6073. 50 
6074. 360 
6075. 50 
6077. 53 


6079. 59 
6084. 67 
6085. 71 
6090. 80 
6091. 37 


60902, 44 
6092. 90 
6093. 14 
6094. 88 
6097. 47 


6098. 68 
6104, 5S 
6104. SS 
6105. 07 
6106. 11 


6106. 22 
6108. 90 
6109, 22 
6115. 29 
6116. 62 


6L18. 16 
6119. 27 
6119. 70 
6122. 00 
6122. 93 


6126. 30 
6128. 14 
6129. 19 
6129. 49 
6135. 10 


6135. 40 
6135. 68 
6138. 51 
6138. 73 
6139. Of 


6140. 46 
6141. 78 
6142. 15 
6142. 77 
6144. 392 


6144. 58 
6146. 54 
6146. 99 
6147. 24 
6148. 68 


6150. 01 
6152. 952 
6156. 264 
6156. 54 
6158. 76 


6160. 681 
6164. 70 
6166. 59 
6167. 04 
6168. 03 


Intensity 


Tube 


— em GS 


10 


weNwW 


Soe Nw 


3 


m3 OO UT 


w 


10 
3 


Spark 


20h! 


OHI 


30 
3 


to 


200h! 


to 


l 
20h! 

thi 
20h! 


30h! 


TABLE l. 


Spectrum 


type 


A 


6O1LGS. 
6172. 


6173. ! 
6176. ¢ 


6176. 


6185. 


6LS8Y. 2 
O19L.. 


6191. 
l 6192. 


6193. 
OLOS. 
7 6200. 
6202. 
j 6206. 


6206. « 


2 6206. 
6207. 
6207. 
6207. 


620%. 
6210. 
6211 
6211 
6211. 


1 6212. 
6212. 
6216. 
6217. 
6219 


6222. 
6223. 
6224. 
6227. 
} 6228. 


622%. 
622%. 
6230. 
6236 
6237. 


6238. 
6241. 
6242. 
6243 
| 6248. 


6250. 
6250. 
6252. 
6256. 
6258. 


6262. 
l 6262. 
5 6266. 
6270. 
6 6271. 


6 6271. 355 


6272. 


6273. 2 
6275. - 


6276. 


314 


Emission 8 pe ctra of hafu tum 


Zeeman, Wavelength 
in air 


S06 
160 
890 
86 
36 


926 
OS 
16 


13 
680 


60 
70 


00 
71 
S00 
315 
83 


SI 
74 
35 
03 
20 


10 
63 
825 
51 
34 


59 
81 
7 
8&3 
94 


16 
36 
92 
97 


iu 


71 
O4 
63 
14 
06 
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Intensity 


Tube 


100 


10 
50 


10 


10 
150 


20 


SO 


10 


Nowe 


70 
10 


Spark 


~ 


thi 


10 
SHI 


to 


10 


30h! 


l 
I 


1 


20 
1OHI 


9 
10 
10 


Ohl 


9 


l 
20h1 
60h] 

9 


10 


200 


15hl 


—— et 


Spectrum 


|Zeeman| 
type | 


to 


to 


bho bo 


woe 


| 





Was 
i! 








627 
62 


a 


62° 


é' 


TABLE 1. Emission spectra of hafnium—Continued 


is) 


Intensity Intensity 


|Zeeman| | Wavelength ee Spectrum Zeeman Wavelength if Spectrum Zeeman| 
type in air Prube Spark type in air Tube Spark type 
A A 
» 6277. 197 10 | I 7 6376. 19 20 2 I 3 
6278. 804 1 I 6377. 53 3 I f E 
| 69279. 834 15 60 II 6 63806. 19 80 7 I 3 
6290, 10 | I 6381. 564 10 I 
3 6296. 27 ) I 6382. 232 10 I 
6297. 903 { I 6383. 69 20 l I 
6298. 12 3 I 6386. 229 300 40 I 2 
2 6299. 52 50 6 I l 6390, 22 10 I 
6299, 99 8 I 6390. 40 2 I 
2 6300. 128 20 I 6396. 67 l I 
6300. 72 S I 6397. 91 I I 
{ 6300. 04 2 I 6398. 94 I I 
6302. 63 l I 6400. 24 2 I 
: 6303. 16 2 I 6406. 53 15 I 
{ 6303. 90 | I 6409. 50 70 7 I 4? 
6304. 31 l I 6418. 02 10 I 7 
6306. 00 3 I 6420. 58 l I 
6306. 201 | 15HI1 [I j 6420. 86 l I 
2 6306. 50 2 I 6421. 10 6 I 
2 6307. 91 | I 6421. 91 2 I 
6309. 67 | I 6422. 76 l I 
6310. 74 10 | I 6423. 40 5 I ; 
6311. 844 50 7 I 3 6429. 44 10 I 3 
9 6312. 72 3 I 6430. 75 ) I 
6313. 41 30 2 I 6431. 46 l I 
4 6315. 92 2 30h! II 5 6434. 52 2 I 
6318. 313 30 3 | ] 6434. 77 1 I 
6323. 69 | | 6435. 60 l I 
6 6328. 51 3 | 6436. 99 6 I 
6328. 76 | I 6438. 36 l I 
6330. 66 3 I 6439. 03 l I v 
6337. 74 2 II 6442. 22 l I 
6338. 096 mt) q I | 6443. 11 l I 
6340. 24 3 I 6444. 07 ) I 
: 6340. 48 3 I 6447. 10 | I 
5 6340. 708 15 2 I 6449. 166 4 I 
6343. 742 l Shl II 6449. 52 2 I 
6343. 98 2 I 6451. 16 I I 
3 6345. 08 3 I 6454. 466 3 I 
7 6347. 10 8 I 6455. 84 2 15hl II 
6347. 37 2 I 6456. 956 50 6 I 3 
6347. 63 5 I 6461. 49 | I 
5 6349. 91 | | 6462. 28 2 1 II 4 
6353. 46 3 I 6466. 59 l I 
6354. 30 l I 6467. 931 8 I 
6355. 393 5 I 6468. 32 } I 
1 6355. 68 1 I 6469. 324 3 I 
2 6355. 99 | I 6472. 14 l I 
6357. 47 | I 6472. 67 6 I 
6359. 84 10 l I 6473. 882 3 20h! II 4 
6363. 08 | I 6474. 14 j I 
6366, 87 | I 6475. 04 l I 
6367. 09 3 I 6477. 03 4 I 
6370. O18 10 | | 6478. 72 l I 
6371. 36 | I 6479. 486 7 I 
6372. 792 2 I 6481. 55 t I 
6373. 46 | I 6482. 526 3 I 
6375. 03 l I 6483. 32 l l 
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TABLE 1. Emission spectra of hafnium—Continued 


Intensity Intensity 











| 
Wavelength Spectrum Zeeman) Wavelength Spectrum Zeemar ; 
in air Tube Spark | type | in air Tube Spark type ") Wave 
. in 
A A 
6485. 43 3 I 6584. 53 { 100h1 4 L. 
6486. 32 I 6585. 794 8 670: 
6490. 61 2 I 6587. 23 150 15 3 670 
6492. 54 5 I 6590. 111 10 670: 
6494. 589 I 5 6590. 54 I ye 
Ti 
6495. 64 ! I 6590. 767 8 I - 
6498. 46 1 I 6591. 80 30 l I 670 
6500. 49 1 | 6595. 188 2 | 670 
6501. 85 I 6595. 491 S I 670 
6505. 12 1 I 6596. 654 6 | = 
Tf 
6505. 22 l I 6596. 90 2 si 
6507. 12 { I 6599. 766 2 { II ? 671 
6508. 12 5 I 6605. 91 3 1] et 67! 
6510. 388 6 I 6609. 20 8 Il 6 671 
6511. 61 Shi 6611. 02 ! 67: 
Via 
6511. 81 3h 6612. 68 2 I : a 
6512. 37 3 6616. 18 5 ‘ Os: 
6512. 61 2 8 6616. 66 4 2 pak 
6518. 14 6621. 13 1 I : of 
6519. 82 I 6622. 76 2 I 67. 
6521. 175 15 I 6624. 35 1 I a 
6521. 82 2 6625. 57 { of 
6523. 92 30 2 6626. 62 3 I oe 
6525. 13 2 6627. 91 2 pt 
6525. 330 2 6628. 767 6 I 67 
6525. 66 1 6632. 59 2 I ; “ 
6526. 03 3 6633. 52 I I i o6 
6526. 183 SHI 6639. 97 2 I pu 
6526. 77 9 6641. 21 2 I a3 
6527. 05 I 6643. 085 9 I 67 
6530. 23 3 6644.609 100 300 7 e" 
6531. 66 } 20 6646. 15 l ; 6: 
6531. 86 10 6647. 04 40 200 7 6" 
6534. 09 1 6649. 05 2 : 6° 
6536. 56 15 6654. 52 l ’ 6 
6540. 24 2 ; 6656. 76 1 I g 
6541. 58 2 6657. 51 9 I 6 
6542. 82 2 40h] Il 6659. 42 40 1 I 3 @ 
6546. 02 . 2 I 6660. 507 I I } 
6548. 24 2 20H! II 6663. 90 2 I as 
6549. 35 1 6664. 64 1 I 6 
6549. 99 1 20h! 6665. 839 I I 6 
6550. 68 9 6666. 35 10 I 6 
6552. 91 20 2 2 6667. 89 3hl I , 6 
6556. 48 70 6 I 6668. 14 4h I F 6 
6557. 59 4 6669. 34 5 2 I l P 
6557. 91 10 60h! II 6669. 49 2 ‘ ho ce 6 
6562. 83 l 6 II 6 | 6669. 97 2 I ou F 
6565. 75 I 4 I || 6670. 47 1 é I aaa ‘ 
6567. 39 4 60hI I] i || 6671. 28 20 2 wy Be 
| | 
6567. 67 20 : I | 6676. 39 5 : I : ( 
6568. 02 = ih. Ez || 6678.82 | 6 1 I 
6572. 27 . 7 I | 6684. 50 30 2 I 3 
6573. 48 l I _ || 6691. 66 20 ¢ .— <. 
6573. 78 2 I | 6693. 491 15 l I l 
6576. 964 4 a —- | 6694. 26 2 I ; 
6578. 138 | 4 : : 6698. 45 2 : :- = 
6582. 14 I 6702. 30 ee Pete I ; 
| 6583. 26 3 eS 6702. 90 3 =e ;— Je 
6584. 42 2 bod 6704. 17 2 ; I ae 


TABLE 1. Emission spectra of hafnium—Continued 
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Intensity Intensity 
Zeeman Wavelength Spectrum Zeeman Wavelength Spectrum |Zeeman) 
"ype in air Tube Spark type in air Tube Spark type | 
A A 
‘ 6704. 33 2 I 6839. 378 1 iki : 
; 6704. 926 1 I 6841. 182 ie) 1 I ‘oa 
. 6705. 23 { 6849. 22 10 I aie 
6705. 740 l I 6849. 57 1 oui . ft.) ae 
6707. 032 l I 6850. 06 60 8 I 1 
6707. 200 { I 6851. 314 i) shee OEE I ers 
6707. 662 2 I 6852. 24 3 Scand I ES 
6708. 33 20 3 I 7 6852. 906 10 1 I 4 
6709. 39 3 50h] II 6 6853. 01 2 ieindaoas, eae nica 
6713. 48 200 20 I 1 6855. 29 10 40 II z.. 
6716. O14 30 3 I 2 6857. 03 20 3 I : 
; 6717. 19 3 I 6858. 56 60 10 I wae. 
6 6718. 87 2 I 6858. 76 200 40 I 1 
, 6720. 95 2 I 6860. 45 4 reheat S sesthdibi 
| 6723. 51 3 I 6861. 26 l ‘ ~| & - «| == 
-| 1 | 6734. 65 2 I 6862. 77 1 enti, | ecleall 
-| | 6736. 42 I I 6865. 96 I ‘ .  ..* —Se 
e 6737. 15 l I 6869. 32 l Tee. ;. wa 
ae 6739. 210 9 l I 6874. 89 40 5 I 2 
j 6742. 64 l I 6884. 53 10 ] EE .  «§* “Ss 
6744. 00 7 I 6889. 81 1 l I | -ceee 
6745. 61 1 I 6896. 52 15 2 I awa 
6747. 00 2 I 6902. 78 12 l I aside 
6747. 16 l I 6911. 40 300 80 I 1 
6747. 56 l I 6914. 17 5 I . 
: 6749. 15 l I 6917. 48 4 + oe I aes 
: 6751. 47 l 3 II 6926. 21 70 10 I 0 
: 6754. 624 70 200 II 5 6926. 780 15 a I q 
6756. 16 2 I 6928. 15 2 ae Es: * <i 
6762. 42 { I 6935. 16 8 30 II a ae 
. 6763. 03 1 I 6936. 57 3 I 
7 6763. 705 9 | I 6937. 456 7 l I o 
6767. 27 20 2 I 6938. 85 l - I 
: | 6767. 88 5 I 6947. 53 20 2 I 
. 6769. 924 10 5 I 3 6949, 24 l I 
6770. 87 2h I 6952. 849 12 I I nit hers 
3 6773. 06 30 3 I 3? 6954. 17 20 2 I _ 
6773. 63 3h I 6956. 80 3 I , 
6774. 22 2 I 6962. 46 l ae I +98 
6774. 36 j I . 6965. 809 40 5 I 
6778. 24 1 I 6967. 71 1 I 
6782. 66 l I 6970. 42 50 6 I 
6786. 40 I I : 6972. 03 4 I 
6789. 28 1000 100 ] 2 6972. 53 2 I 
6793. 99 10 I ‘ 6973. 03 1 I 
6797. 56 2 I 6976. 20 20 2 I 
: 6797. 810 3 I 6978. 30 l I 
6798. 481 I I a 6979. 61 100 20 I 3? 
6801. 771 7 I I 6980. 905 100 200 II 7 
6805. 313 3 I F 6981. 61 50 8 I 
6814. 96 5 I 6982. 75 I I 
6818. 95 2000 300 I l 6997. 84 2 10 II 
6822. 06 / I 7002. 94 10 I I 
6824. 34 3 I 7007. 36 2 I i 
6826. 55 100 10 I 7 7010. 69 30 4 I 
6832. 62 3h I 7014. 29 20 2 I 
6833. 750 20 2 I 7? 7016. 99 6 II 
6834. 18 1 I 7018. 22 3 I 
7 6836. 83 l I 7019. 25 50 10 I 
6837. 95 | [ 7021. 23 6 20 I] 








TABLE |. Continued i 


Emission Spectra of hafnium 


Intensity Intensity 










Wavelength Spectrum Zeeman Wavelength Spectrum Zeeman 
in air Tube Spark tvpe in air Tube Spark type 
A 

7026. 24 | I 7163. 58 l I 

7028. 24 | I 7164. 52 j 10 Il 

7028, 52 | I 7167. 42 10 2 | 

7028. 93 3 I 7175. 94 l I 

7030. 31 50 100 Il 6 7177. 12 8 l I 

7032. 55 12 I I 7179. 20 3 | 

7035. 15 70 10 I 7IS1. 148 6 l | 

7036. 48 2 | 7182. 94 3 | 

7036. 95 5 I 7185. 985 10 6 I 

7038. 07 2 | 7188. 84 3 I 

7039. 16 12 l I 7189. 3] 5 10 Il 

7040. 54 l I 7189, 99 | I 

7042. 69 3 I ‘191. 2] 3 I 

7046. 35 2 I ‘196. 09 20 5 | 

7048. 885 12 l I 7200. 9] 12 l I 

7049, 72 6 I 7204. 684 I 

7050. 11 l I 7205. O8 30 5) I 

7052. 65 i 6 I 7206. 3] l | 

7054. 052 10 j I 6212. 8892 2 I 

7054. 515 4 I ‘216. 53 12 l I 

7055. 38 5 I 4220. 76 7 J 

7061. 90 80 10 I 7221. 20 2 I 

7062. 85 150 20 I 4221, 86 & l | 

7063. 852 3000 100 I 3 7222. 64 20) 3 | 
7064, 34 15? 30? I II 7223. 01 I | ( 
7065. 83 12 2 I 7225. 15 l | 4 
7070. 77 6 | I 7231. 565 30 | | é 
7071. O1 2 I #233. 10 15 2 I ‘ 
7074. 76 2 I 7237. 101 SO00 1000 I | b 
7075. 34 | | 7240. 87 5000 600 | ! é 
7081, 28 l I 7244. 1] 10 5 I = 
7083. O16 6 | 7251. 66 5 I = 
7084. 6] / | 7251. 80 » | = 
7085. 02 2 I 7255. 43 5 | I bb 
7085. 33 6 I 4257. 99 5 I ee 
7086, 71 6 | 261, 82 f I be 
7089, 8] 7 I 7262. 587 80 10 I 3 << 
7093. 83 50 6 I 7263. O04 15 2 | te 
7094, 442 100 15 I 31 (271. 24 2 l a 
7096. 15 5 I 7272. 33 I I sis 
7096. 36 15 2 I 6272. 93 I I oe 
7096. 712 12 I I 7273. 28 7 l I na 
7100. 546 150 20) | 7277. 07 5 I at 
7105. 28 2 I 7277. 64 1) 50 II a 
‘114. 46 2 | 7277. 90 15 2 | " 
7114. 85 3 I (278. 74 l / Il “i 
7115. 685 10 7 I ‘280. 006 10 2 | ~4 
7118. 37 30 5 I 7281. 5 30 a) I 74 
7119, 520 700 100 I I 7282. 0] | ] ~4 
7120. 80 30 5 I 7282. 29 3 I . 
7131. 82 7000 1000 I ” 7282, 42 l I = 
7144. 8] I 7285. 12 2 I Md 
7153. 21 6 ! I 7285. 58 | I nd 
7156. 3] 10 2 ] 7287. 79 l I 
7156. 92 I I 7288, 3] I I : 
7157. 945 30 j I 7290, 12 l I 9 
7161. 19 I I 7292. 29 2 5 I] - 
7161. 64 2 I 294. 026 20 / I - 
7162. 643 7 l I 7294. 3] 10 I I » 
7163. 48 3 I 7294. 98 3 I y 


TABLE 1. Emission spectra of hafnium—Continued 


Intensity Intensity 





Zeeman Wavelength; ‘ Spectrum Zeeman) Wavelength) Spectrum Zeeman) 
type in air Pube Spark type in air Tube Spark type | 


7297. 06 | I 7430. 09 1 I 
7297. 33 2 | 7437. 600 500 100 I 3 
7298. 79 } I 7441. 16 6 I . 
7301. 03 ) I I 7444. 26 20 3? I 
7303. 63 15 2 ] 7444. Sl 12 1? I 
7309. 38 5 I 7447. 19 3 I 
7312. 68 | 2 II? 7447. 39 I I ss 
7315. 25 10 | I 7447. 72 5 I 
7315. 72 | 2 Il? 7448. 66 7 I 7 
7316. 94 2 I 7450. 59 l I 
7320. 06 1000 200 I 7 7451. 94 6 I 
7321. 79 150 30 I l 7461. 30 10 l I 
7322. 91 15 2 I 7462. 51 ] I 
7323. 43 3h I 7463. 905 200 10 I 7 
7324. 13 2 I 7473. 67 6 I 
7327. 175 15 2 I 7476. 53 2 i 
7328. 63 15 30 II 7476. 71 | I 
7334. 73 | I 7479. 78 15 2 I 
7334. 88 2 3 I 11? 7480. 781 20 2 I 
7337. 93 12 2 I 7483. 704 | I 
7339. 294 10 7 ] 7484. 603 50 10 i 
7342. O1 l I 7488. 17 30 j I 
7342. 80 l I 7489. 02 15 2 I 
7344. 70 2 I 7492. 11 10 l I 
7346. 14 3h ] 7501. 63 | I 
7352. 41 I I 7506. SO I 
7356. 18 100 15 I 7508. 77 2 | 
7358. 78 3 I 7511. 00 10? I 

| 7359. 916 3 I 7511. 47 l I 

| 7365. 35 100 20 I 7513. 36 2 I 
7368. 160 30 6 I 7514. 98 3 5 II 
7374. 389 15 2 I 7515. 22 3 I 
7375. 59 | | 7516. 79 2 I 
7376. 987 | | 7517. 49 | I 
7377. 176 8 | I 7520. 38 3 I 
7378. 91 2 I 7525. 09 2 I 

3 7381. 77 | | 7526. 82 15 2 I 
7384. 03 10 I 7529. 21 2 I 
7384. 75 | I 7530. 13 oh I 
7385. 35 3 I 7532. 42 l I 
7388. 86 | | 7532. 88 5 I 
7390. 729 100 60 ] 3 7534. 81 l I 
7392. 86 { I 7535. 11 2 I 
7396. 99 15 2 I 7537. 35 3 I 
7398. 137 12 2 I 7542. 39 10 ] I 
7398. 97 3 I 7543. 40 50 6 I 
7400. 72 12 2 I 7544. 81 3 I 
7402. 75 15 | I 7551. 64 7 l I 
7408. 97 30 6 | 7556. 37 200 10 I 2 
7409. 505 70 12 I 7557. 78 l I 
7412. 70 ) | 7558. 63 l I 
7414. 63 0) ? I 7561. 12 1 10 II 
7417. 51 8 | | 7562. 93 1500 300 I | 
7420. 48 ; I 7564. 24 200 10 I 7 
7420. 76 | I 7565. 35 2 Il 
7422. 416 15 9 ] 7568. 85 2 I 
7423. 628 120 A) I 3 7570. 90 l 2 II 
7424, 27 10 I 7576. 67 10 6 I 

' 7426. 67 3 | 7577. O2 300 10 I l 

7427. 77 | | T7581. 18 } . I 
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TABLE 1. Emission spectra of hafnium—Continued 
Intensity Intensity 
Wavelength| Spectrum Zeeman)! Wavelength Spectrum Zeeman 
in air | Tube Spark type in air Tube Spark type | Wav 
il 
A A 

7582. 462 70 12 I 7750. 15 2 I 
7584. 93 I I 7757. 89 10 100 II 6 79: 
7586. 26 8 1 I 7758. 84 I I 79- 
7586. 80 I I 7762. 38 5 2 I 79: 
7589. 67 3 I 7773. 09 10 1 I " 79: 
79. 

7592. 977 150 30 I 1? 7773. 95 2 I 
7599. 56 10 8 l 7774. 39 5 I 79. 
7605. 27 3 I 7776. 65 3 I 79 
7606. 03 2 I 7777. 43 10 1 I 79 
7606. 39 8 l I 7782. 56 l I " 79 
79 

7608. 549 | 200 10 I 7783. 88 6 1 I 
7612. 60 50 8 I 7789. 52 15 2 I : 79 
7624. 387 | 5000 1000 I l 7790. 90 500 100 I D) 79 
7634. 44 10? 20? [I 7796. 82 60 10 I 4 76 
7645. 655 400 80 I 3 7801. 54 20 60 II 4 76 
7§ 

7646. 34 20 i 7803. 97 { I 
7648. 84 4 I 7804. 56 2 I 7 
7650. 39 2 I 7813. 50 10 I I . 7 
7653. 88 th I 7814. 57 100 80 I l 7 
7654. 99 l I 7826. 62 1 I 7 
7 

7656. 39 20 { I 7830. 08 1 I 
7660. 318 6 1 I 7830. 60 5 e I . 7 
7662. 32 2 i 7831. 81 8 L I i 7 
7662. 52 { I 7845. 37 4000 800 I 2 ‘ 
7663. 09 20 50 II 7 7846. 57 50 ~ I 8 
8 

7663. 51 5h I 7853. 81 12 2 I 
7664. 465 20 2 I 7857. 78 3h I 5 
7664. 749 8 l I 7858. 32 l I 8 
7666. 09 6 I 7858. 52 3 ] . 
7668. 414 20 2 I 7861. 23 30 60 II , 

7670. 76 l I 7862. 78 60 15 I 
7670. 93 3 I 7866. 58 5 E I : 
7671. 92 20 j I 7867. 26 20 { I e 
7676. 53 I I 7870. 84 1 I 
7678. 60 3 I 7877. 69 20 1 I 

7679. 95 3 I 7881. 12 I I 
7682. 16 2 I 7884. 58 3 I 
7684. 47 I I 7885. 53 j I | 

7685. 38 2 I 7888. 01 7 l I 

7685. 91 l I 7888. 54 20 2 I 

7693. 40 { I 7893. 03 j , I 

7694. 10 12 2 I 7893. 75 30 5 I 

7697. 38 l I 7894. O1 8? 1 I 

7699. 37 2 3 I, Il? 7901. 45 8 1 I 

7701. 69 3 I 7906. 12 15 2 I 

' 

7702. 171 8 I 7907. 17 ] I 

7704. 530 30 2 I 7908. 09 2 I 

7706. 90 5 I 7908. 58 l I 

7709. 92 l I 7910. 71 2 f I 

7710. 25 1 I 7911. 94 l . I 

7714. 92 I I 7914. 77 { I 

7717. 84 2 I 7917. 36 5 fe I 

7720. 65 2 5 I] 7920. 75 2000 100 I 7 

7723. 68 2 I 7924. OS 5 | 

7725. 12 l I 7927. 19 2 ‘ I 

7736. 89 10? 1 I 7929. 10 l . I 

7740. 17 2000 100 I l 7930. 04 2 | 

7741. 59 50 10 I 7930. 77 l I 

7743. 57 150 20 I 3 7934. 70 l I 

7749. 62 j I 7938. 06 500 100 I 2 
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TABLE 1. Emission spectra of hafnium—Continued 


Intensity Intensity 


Zeeman / — . a ’ a . » 
type Wavelength Spectrum Zeeman|| Wavelength Spectrum Zeeman 
in air Tube Spark type in air Tube Spark type 
A A ; 
6 7940. 57 2 I 8146. 05 5 I 
7940. 96 3 I 8147. 19 2 I 
7948. 63 20 2 I 8151. 54 1 2 I 
7950. 43 5 | I 8154. 58 l I 
7951. 00 20 } I 8157. 59 6 I 
7951. 73 3 I 8162. 04 3 I 
7952. 83 1 I 8163. 60 20 2 I 
7954, 27 15 2 I 8164. 96 l 4 I J 
7955. 21 30 7 I 8173. 90 300 70 I 1 
7957. 56 } I 8174. 92 30 4 I . 
7960. 31 i I 8176. 39 l I 
2 7970. 22 l I 8177. 25 lh I 
i 7971. 57 20 j I 8182. 02 l | 
4 7972. 29 l gam I 8182. 28 l I 
7976. 81 10 5 I 8185. 72 } I : 
7976. 95 10 l I 8193. 82 100 10 I x 
; 7979. 17 2 I 8196. 61 ] I 
l 7980. 01 S l | 8202. 05 6 F I 
7980. 54 ] I 8204. 57 2000 500 I 7 
7983. 64 6 15 I] 8210. 70 l 2 Il? 
F 7986. 90 10 { I 8212. 15 10 2 I 
i 7990. 03 3 I 8217. 36 15 I i 
2 7994. 76 5000 800 I l 8222. 46 20 I 
8002. 44 15 l I 8224. 31 l I 
8007. 66 | I 8224. 59 l I 
8008. 68 8 l I 8226. 54 l I 
8010. 58 100 15 I 8236. 12 10 80 II 
8032. 24 8 | I 8238. 65 20 2 I 
8034. 52 l I 8244. 40 40 5 I 
8047. 26 S l I 8248. 81 100 10 | 
8048. 82 } I 8250. 58 l I 
8056. 47 100 80 I 8251. 15 8 I 
8063. 63 l I 8251. 73 10 < I 
S068. 34 3 | 8254. 57 2 I 
8074. 30 | ] 8257. 75 l I 
8076. 83 I I 8264. 53 l I 
8080. 26 500 100 I 3 8267. 38 1 I 
8080. 77 50 10 I 8269. 33 l I 
8080. 96 100 20 I 8274. 29 5 I ; 
8082. 62 10 2 I 8276. 94 1000 200 I 2 
8085. 36 20? I 8284. 30 6h 4 5 Gee 
8085. 73 15 2 I 8284. 93 7 1 I 
8087. 51 l | 8292. 00 15 2 I 
8091. 02 3 I 8293. 41 20 3 I 
8092. 58 I I 8294. 70 4 I 
eee. 9] 20 { I 8297. 37 ih 2 Il? 
SOU4. 14 Ss l I 8301. 85 4 I 
8096. 44 I 2 II 8305. 33 6 I 
8103. 67 20 { I 8311. 32 | I 
8105. 36 10 2 I 8316. 35 l I 
8106 04 2 I 8316. 69 I I 
7 8107. 66 j I 8317. 60 2 I 
tng = 10 l I 8318. 34 l I 
Si2Z1. 18 a) I 8321. 35 2 I 
8128. 91 10 l I 8325. 80 l I 
< a" 1 I 8328. 97 6? ania I 
8136. 6: 15 1 I 8331. 12 2 I 7 
8139. 10 30 2 I 8333. 19 2h I 
2 8140. 90 2 I 8335. 27 2 b I 
8143. 62 60 7 I 8338. 07 60 8 I 
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Wavelength 


in air 


A 
8339. 
8340. 
8342. 
S344. 


8346. ¢ 


8352. 5! 


8357. 
8358. 
8359. 


S361. 2 


8367. 
8375. 
8376. 
8380. 
8382. 


8384. 5 


8385. 
8391. 
8394. 
8399. 


8309. 
8402. 
8403. 
8404. 
8404. 


8407. 
8408. 
S416. 
8425. 
8427. 


8434. 
8435. 
8439. 
8440. 
S441. 


8442. 
8447. 
8451. 
8453. 
8454. 


S460. 
8465. 
8471. 


Ss $75. : 
8477. 5 


8478. 
8487. 
8493. 


8506. | 


S508. 


8513. 5: 


S513. 
8514. 
8514. 
S516. 


8521. ¢ 


8527. 


8527. § 


8532. 
8546. 


ay 


OS 
os 
23 
57 
su 


S4 
11 
26 
76 
38 


ON 
65 
31 
51 


12 


14 
31 
69 
26 
00 
00 
36 
16 


Intensity 


Tube 


to bo 


10 


Now 


inne 


—Dew— 


l 
I 
3 
l 


2500 


Spark 


SO 


10 


Nobo oI we 


to 


te 
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Wavelength 


in air 


A 


S558. 


8560. : 


S561. 
8563. 
8563. 


8564. 
8569. 


8572. ¢ 


8575. 
S581. 


S586. | 


R587 
S589. 
8502. 
8597. 


S59. 


8603. 3: 


S609. 
S610. 
8614. 


8624. 
S628. 
8636. 
S640. 
S644. 


8653. 3. 


8655. 


8656. 1 


8657. 


S658. 2 


8659. 
S660. 
R661 


8671. ¢ 


8673 


S683. 


SOSY. . 
S6H90. ¢ 
S609. 2 


8709 


l 

5. 
6. 
5) 


Ss. 


LAFTFSL 


Sn 


l 
I 
I 
2 
2 


8737. 
8749. 
8749. 
S763. 
8764. 
S765. 
8765. 
8767. 


S795. ; 
SSO04. ¢ 


R815. 
S821. 
8823. 
8825. 
S828. 


Ys 
86 
81 


83 
28 
36 
O4 
31 


. 20 


os 
70 
Ov 
66 


Continued 


Intensity 


Tube 


20 


10 
60 


— sto 


20 


6 


10) 
10 
30 


vie bo bo 


Spark 


~ 


100 
10 


—hdo + 


to 


— — | — pe 


Spectrum 


Zeeman 


type 








Wav' 
in 


as 
884 
887 
887 
88" 


88! 


Ru 
SY 
SY 


89 
SY 
89 
89 
89 


St 
GF 
OY 
Of 
Of 





TABLE 1. Emission spectra of hafnium—Continued 
Intensity Intensity 
Zeeman Wavelength eK Spectrum Zeeman Wavelength we: Spectrum Zeeman) 
type in air Tube Spark type in air Tube Spark | type | 
| A A 
9841. 99 20 2 I 9482. 83 10 l I - 
5 8845. 95 5 I 9483. 52 | I oe 
‘ |} 8871. 65 | I 9493. 42 l I ° 
| 8875. 92 10 I 9498. 81 30 3 I 7 
| 9976 17 3 I 9506. 10 2 I | 
8886. 72 3 I 9513. 14 600 100 I 
S888. 43 l I 9514. 37 8 3 I = 
8902. 06 1 I 9524. 87 l I =. 
/ 9906. 81 l I 9553. 63 I I 4 
8918. 06 2 | 9563. 26 200 50 I . 
| 3927. 24 3 I 9566. O1 I : 
8952. 14 5 | 9581. 37 10 3 I \ 
[ 3958. 89 20 I 9587. 35 5 I ; 
| | 8967. 15 10 | 9613. 15 3 I a 
8976. 65 20 | b 9616. 05 5 2 I in 
| 994. 77 30 2 I 9628. 91 I 
9004. 74 200 20 I 9652. 05 50 7 I # 
9031. 77 2 I 9654. 41 3 I ‘- 
. 9035. 66 | I 9662. 40 | I : 
9052. 35 10 3 I a 9673. 88 10 2 I ‘ 
9093. 88 2 I i 9697. 66 15 3 I PhS 
9138. 20 30 3 I 9716. 80 3 I 
9145. 58 3 I 9722, 30 } l I “ 
3 9153. 00 2 I 9737. 93 1 l I 
OQ158. 55 q I 9746. 45 2 I 
9177. 23 100 S I 9752. 40 20 10 I 
9179. 30 | I 9754. 43 I I 
9182. 14 250 10) I 9791. 20 | I 
9193. 30 300 30 I 9793. 40 | I 
9216. 86 10 I 9801. O09 10 j I 
9243. 18 l I 9805. 71 2 I 
9250. 25 1000 150 | 9828. 22 15 j I 
Y282. 54 | I 9864. 37 l I 
9295. 63 15 | | OR77. 96 1 I 
9299. 95 60 5 | 10023. 30 2 | 
9306. 16 2 I 10036. 53 150 10 I 
9306. 79 | I 10088. 51 10 8 I 
9308. 29 q I 10103. 88 15 3 I 
9313. 65 2 I 10112. 20 10 , I 
9314. 46 2 I 10120. 15 3 I 
2 9325. 14 80 10 I 10135. 30 6 3 I 
9341. 17 3 | 10168. 81 20 | I 
9342. 09 2 I LOISL. 45 2 I 
9346. 32 150 20 | 10184. 18 | I 
9359. 86 | I 10190. 70 2 I 
9365. 75 3 I 10203. 90 2 I 
9372. 00 | I 10207. 78 8 l I 
9380. 14 50 7 I : 10208. 74 2 I 
9387. 54 3 I 10209. 56 1 I . 
9387. 94 2 I 10227. 18 20 6 I 
9389. 91 | I 10259. 15 30 6 I 
9402. 57 50 j I 10259. 67 10 I 
9404. 14 { 2 I I] 10293. 33 | I 
9405. 18 | I 10312. 19 l I 
9412. 23 2 I 10319. 65 2 | 
9453. 75 12 2 | 10342. 55 3 I 
9488. 25 12 2 I 10361. 40 2 I 
9469. 05 | I 10377. 83 2 I in ace sh 
' 9472. 01 | I 10388. 31 8 I 
9474. 26 | I 10389. O01 l ; AA Se 


323 

















TABLE 1. Emission spectra of hafnium—Continued journe 
Intensity Intensity 
Wavelength Spectrum Zeeman Wavelength ; Spectrum \Zeemay 
in air type in air | type 
Tube Spark Tube Spark ; 
10397. 45 200 50 I 10859. 40 l I 
10405. 51 5 I 10868. 44 20 2 I 
10414. 09 3 I 10876. 28 l I 
10418. 99 6 l I 1OS82. 85 l I } 
10423. 78 100 150 I 10900. 75 15 5 I 
10438. 63 2 I 10914. 47 50 10 I 
10445. 17 7 | 10923. 38 2 I 
10457. 92 l I 10933. 82 10 I | 
10472. 68 1 I 10938. 08 2 I T 
10479. 20 ] ] 10953. 12 } I | ons 
10480. 21 200 30 I 10971. 61 50 5 I arl 
10484. 44 3 I 11000. 00 3 I | Ons 
10496. 77 3 I 11030. 13 20 l I | dese 
10499. 16 I I 11039. 01 j I lou 
10517. 74 I 11046. 97 10 | liq 
jarg 
10527. 28 25 3 ] 11074. 42 5 I om 
10529. 38 2 I 11092. 58 I I stuc 
10545. 50 7 l I 11139. 05 20 | inte 
10547. 44 l I 11190. 17 l I 1 
10550. 85 100 7 ] 11219. 28 l I 
sim 
10588. 44 I I . || 11227. 70 10 I clas 
10594. 89 50 5 l 11229. O01 15 l I a p 
10622. 14 12 l I 11242. 16 3 I ns : 
10634. 81 5 I 11296. 74 I I Clas 
10637. 93 150 30 I “ 11303. 44 10 I spe 
Th 
10642. 30 ] I 11365. 02 25 7 I mid 
10661. 35 2 I 11393. 12 l I . 
10698. 21 I 11480. 61 15 2 } me 
10755. 89 11602. 16 { | log 
10756. 97 l ] 11766. 95 10 I rea 
—— mo 
10762. 68 3 I 11960. 80 2 I ae le 
10772. 33 15 2 I 12043. O08 6 oe 
10784. 36 10 3 | int 
10815. 24 2 I 
10851. 65 6 l I 
WASHINGTON, June 23. 1958. 
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in terms of an excess polarization. 
| tion and certain related molecular parameters. 
been determined for some particularly simple 











1. Introduction 
} 


The influence of molecular shape on the dielectric 


varlier paper [1].!. The phenomenological theory of 
Onsager was shown to give a generally satisfactory 
lescription of the dielectric constant (1) of pure 
liquids as a function of the temperature, and (2) of a 
large class of binary mixtures as a function of the 
omposition. For the restricted class of compounds 
studied it was found unnecessary to assume specific 


The purpose of the present paper is to describe a 
simple extension of the electrostatic theory to the 
class of polar liquids that can be considered to possess 
a pseudo-lattice structure. The order shown by this 
class is assumed to reflect the existence of strong, 
specific interactions between neighboring systems. 
The results of the calculations for a series of related 
mixtures suggest that the incorporation of these ele- 
ments of order and interaction into the phenomeno- 
logical representation of Onsager suffices to give a 
reasonable agreement with experimental data. A 
more rigorous analysis along the lines suggested could 
lead to useful information on the energies of molecular 
interaction in liquids. 








2. Pure Liquids 


The class of liquids consisting of water and the 
lower members of the series of normal aliphatic alco- 
hols is considered first to determine the order of 
magnitude of the polarizability of the hydrogen bonds 
characteristic of these substances. 


2.1. Model 


The Onsager model of a polar liquid represents a 
molecule by a cavity with a polarizable point-dipole 
placed at the center. The volume, shape, polariza- 
bility, and intrinsic moment of the cavity are assumed 
to be the same as those of the molecule. The calcu- 
lation of the dielectric polarization neglects short- 
range forces of interaction between neighbors, and 
assumes that the influence of long-range forces is 
fully accounted for by the reaction field produced by 
the polarization of the continuous dielectric medium 
surrounding the cavity. 








' Figures in brackets indicate the literature references at the end of this paper. 
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to take account of the “excess’”’ polarization due to hydrogen bonding. 
a number of liquid mixtures are analyzed and the deviations from ideal behavior expressed 
A method is developed for calculating the excess polariza- 


Vol. 61, No. 4, October 1958 Research Paper 2905 


Dielectric Constant of Hydrogen-Bonded Liquids 
Floyd Buckley 


electrostatic theory of dielectric polarization 
Dielectric data for 


Tentative values of these parameters have 
structures, 


In the equivalent representation of a polar liquid 
which exhibits structure, the molecular cavity of the 
preceding model is replaced by a representative clus- 
ter of molecules that defines a ‘‘cell” or “‘cage” with 
properties determined, in part, by the local structure. 
Whereas the intrinsic moment of a cell is taken as 
characteristic of the molecule within the cell, the 
“effective” volume, shape, and polarizability of the 
cell are assumed to depend on the number and polariz- 
ability of the bonds (contacts) with nearest neigh- 
bors. Each bond is characterized by an interaction 
energy (strength) and a polarizability that is shared 
by the cells in contact. In the following discussion 
it is assumed that the strengths of the bonds are suffi- 
ciently weak to permit the dipole to orient freely 
within its cell. All cooperative effects arising from 
dipolar interactions are therefore neglected. Actu- 
ally, it is necessary to assume only that the lifetime 
of a given molecular cluster is short in comparison 
with its characteristic relaxation time. 

This approach to the problem of the static dielec- 
tric constant of hydrogen-bonded liquids is in marked 
contrast to that of the Kirkwood theory. In the lat- 
ter, primary attention is focused on the determina- 
tion of correlation factors and equilibrium constants 
that characterize the interaction of neighboring di- 
poles. In the present treatment, attention is centered 
on the calculation of the polarization of a represent- 
ative cell (cluster, cavity, molecule) as a function of 
cell shape, bond polarizabilities, and, bond-interaction 
energies. In view of the quite different information 
that results from the electrostatic treatment, it was 
thought worthwhile to investigate this approach as 
a useful alternative to that of Kirkwood. 


2.2. Polarization 


The calculation of the dielectric polarization fol- 
lows the procedure of Onsager. The selection of the 
parameters characteristic of a cell is not unique and 
at present can be defended only on the grounds of 
reasonableness. In the present calculations, the in- 
trinsic moment and shape of a cavity are assumed to 
be “equal” to those of the free molecule, and the 
remaining parameters, volume and polarizability, are 
fixed by the conditions: 


(a) lim A=-,(electronic + atomic + bonding) 
dA >) 
(b) lim Y=-Y,4+ AY,(orientation). 


APM we 





The molar dielectric polarization, .7, is given by 
P= (e—1)V 


R, 44N uk, Ve 
1— (R/V gke' 9kT (A—( R/V gke)? [ 2410 


in which V,/N is the volume of a cell, g, kz, and k&, are 
the reaction field and cavity parameters [1], 2, is the 
effective molar refraction, and all other symbols have 
their usual significance. 

The only parameter which is assumed to depend 
on the temperature is the effective refraction, R,. 
This means that if the average contribution of each 
bond (contact) to the polarizability of the cell is in- 
dependent of the temperature, then R,—(Rp+P,) 
R,—A is proportional to the average number of 
bonds or ‘ ‘degree of association” of a cell as a funce- 
tion of the temperature. From another point of view, 
the variation in R,—A isa measure of the fluctuation 
in the density of polarizability at the boundary of 
the cell. 

The volume of the characteristic cell of a pure 
liquid should be calculable from a general theory of 
the liquid state. Although it is not possible at pres- 
ent to do this, any reasonable choice of volume will 
suffice, because in the simple electrostatic theory the 
variation of R, with the temperature is probably 
more significant than the absolute values of R,. The 
prince ipal condition on V,/N is that it must be large 
enough to enclose the polarizability of the bonds to 
nearest neighbors. 


2.3. Representation of Experimental Data 


Characteristic cell data are given in table 1 and 
auxiliary data in table 2. In table 1, V, is the molar 
cavity volume and, except for water, is taken as the 
molar volume at the melting point. The quantity 
r, is the radius of a spherical cavity corresponding 
to V./N; uw, and e are, respectively, the values of 
the dipole moment and eccentricity assigned to the 
cavity; and r7/ is the contribution to the pol: arizability 
of a cell of each bond between neighboring cells. In 
table 2, R, is the molar refraction for the Na—D line; 
P, is the contribution of atomic polarization to the 
total distortion polarization A; R"” is the value of 
the effective distortion polarization FR, at the melting 
point; and 9 (diel) and @~» (disp) are, respectively, 
the high frequency dielectric constants determined 
by the conditions given above and from dielectric 
dispersion data. 

The procedure adopted in selecting the values of 
the cell parameters was the following: It was first 
assumed that maximum coordination existed at the 
melting point. The coordination numbers for 
H—O H bonds were then taken as 4 for water 
and 3 for each of the alcohols. It was further assumed 
that the polarizabilities of all H-——O H bonds 
were the same with a value chosen to match the 
theory to the data for water. The values of dipole 
moment and eccentricity given in table 1 for water 
were assigned to the Onsager cavity and the cavity 
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raBLteE 1. Characteristic cell data fractl 
Substance 1 r TF, € oblate | rm 
cm hond 

HOW 0.3 _ 

©) : 2. 52 Ls 0. 80 ») 

- 2.3 
CH,Oll 34.2 2. 39 1.70 60 23 The ‘ 
C.H;OH 51.0 2.72 1. 70 70 9 3 yre 
n-C HOH. 68.0 3.00 1.70 s) t ry 
n-CyHyOH 85.0 | 3.23 (1.67) 85 2 3 the @ 

C,H;OHu 68.0 3.00 1.70 rh) 23 and 

C,HyOH 95.0 3. 35 1,70 HM) 2.3 iD th 

| betw 
* Quantities in parentheses are estimated _ he t 
TABLE 2. Auziliary data 
| 
Substance mp Ri R, i=Rp 
in, i* liel) ¢ lisp | 
c cm cm cm } 
HOH 0 3.67 | 13.1 10 | 53; 52 
CH,OH 97.8 8.2 15. s 3.1 5.9 
C,H;OH 117.3 12.8 22 15. ¢ 2.9 3.8 
n-C,H;OH 127 17.7 | 27.1 20.2 2.73 27 
n-C,HyOH 50.8 22.1 (321/| 252 | 26 32 R 
C,H,OHu 89. 5 17.5 27.1 20.2 6 3.2 
C,HyOu 25.5 6(22.1) 34.5 27.6) 2 6 (2.8 
* Estimates from dielectric data on gases 
>» Quantities in parentheses are estimated. j 


distortion 


volume and effective polarization were 
determined to fit the dielectric data at the melting 
point. These data were « 88.0 and e.9=5.5, 


The cell parameters are sensitive to the choice of 
values for e.., and eo, but any reasonable selection 
near the values adopted will suffice for an e xploratory | Fic 
study. 

For the alcohols, the molar cavity volume V, was 
estimated as the molar volume at the melting point, 
the dipole moments given in table 1 were assigned, 
the values of R"™’?=A+32.23? were calculated, 
and the eccentricities were then determined to fit 
the dielectric data. This choice of cavity volume 
was made because of the relatively large uncertainty 
in the values of eo. There is the additional restric- 
tion that this volume must be at least equal to the 
molar volume. 








2.4. Water 


The available data for liquid water extend from the 
freezing temperature to the critical temperature and 
cover a range in density of approximately 1 to 04 
g/em® [2,3]. Recent data on superheated steam at 
temperatures slightly above the critical temperature | 
extend over a range in density of 0.50 to 0.10 g/em’ 
[4]. 

The variation of the dielectric polarization with 





temperature (or density) is completely accounted for 
by the variation in the e ag tive molar refraction of & 
representative cell shown in figures 1 and 2. This 


dependence of R, on the riser th (or density) 
can also be translated into a dependence of the 
“degree of association’ on the temperature if the 


Values used in the computations deviated slightly from the rounded number 
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The dependence of f on the temperature is graphically 
ppresented in figure 4. An alternative view Is that 
the average coordination number remains constant 
ad the change in R, reflects a corresponding change 
the interaction energies and bond polarizabilities 
between nearest neighbors. This view is adopted in 


‘the treatment of mixtures. 
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from the melting point to the critical temperature. 
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Dependence of the effective molar refraction of water 





2.5. Alcohols 


Data over a wide temperature range are available 
for only a few of the simpler aliphatic alcohols. Cell 
characteristics and associated data are given in 
tables 1 and 2, and the polarizabilities adjusted to 
fit the polarization data are represented in figure 3. 
The fraction associated as a function of the tempera- 
ture is shown in figure 4. 

The strong similarity in dielectric behavior within 
this class of compounds (including water) is striking, 
if not entirely unexpected. The anomalous behavior 
of t-butylalcohol, if real, is noteworthy. 
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3. Mixtures 


3.1. Preliminary Remarks 


The objective is to express the dielectric polariza- 
tion of an Onsager spheroidal cavity containing a 
polarizable point-dipole in terms of an associated 
orientational partition function. 

According to electrostatic theory, the field acting 
on the dipole is 
Ee Er=g-M, 


tae 
E=E,- 


where E, is the field produced within the cavity 


by external sources, and F, is the reaction field 
arising from the polarization of the medium outside 
the cavity. The total moment of the cavity is 


M and g is a factor that depends on the shape and 
volume of the cavity, and on the dielectric constant 
of the surrounding medium. 


The total moment ./ can be written 


Men p+-all +a, +-ak,,+e9,M.—M,+M, 


in which @ is the isotropic polarizability, uw is the 
dipole moment, and the subscripts », and , desig- 


nate components parallel and perpendicular to ux. 
It follows that 


E 
M ; — 
l ad l ad 
and 
MM, an-—*>. 
= 1- agy 


The total energy of the cavity is 


- > > 


a ee : 
é pE—s M,-oE., 
where 
E=E,.+-9,M,+9.M,. 
Hence 
wl wl, rg uM 
=pE,Zcosé, wg 
l—aqg l—agq 
and 


f 4 a ; i a : F " 
M,.0°E. (ES cos 6)?+ LE. Msin 6)*; 


l—ag l—ag, 
where the components of the field inside the cavity, 
parrallel andfperpendicular to the axis of the cavity, 
are 
E. Ef cos 6, 
and 


BE. =E,.M sin 8, 


—> 
and the external field £, makes an angle @ with the 
axis of the spheroid containing the dipole. The 
depolarization factors “and ./# are known. 








The self-energy of the cavity is 
| eS. ( ( . . } Th 
&£=& | fund: 
| so that the total energy of the cavity produced hp: 
the external field is 
BE I » th 
&=6E—-é —! Ycost——_—* 
l—agq 21—ag 
-_ r 
> a ri - 
( E /f COS O)-— (FE, <} : 
| 21—ag, © *# 
The component of the moment of the cavity alone 
E, is 
' The 
My,=M),, cos 0+-M, sin 0 the « 
— , _ the f 
u COS 6 ak, 4cos’é , ak) Wsin* 
l—aq l—ag ro ag) 
and can be written Tl 
re) Oo 
My,=—-( 55-7 tap 7 
™ 0h, ' OF. aH Me 
and 


Hence the average component is 


7a 


Tn, = | 5 Maye Ce sin alo | 5 eC" sin a 
- O O 
, ; - InQ.> 
kT se oy tor 7 ind | 
where 
d, | J a ‘T sin ada | 


is the orientational partition function of the cavity 
associated with the external field E,. 
The partition function Q. can be written to al 
sufficient approximation as 
1 |(é F cos 6)? E, & sin 0)2|"*** 


Q.~e° | | 


| l—ag l—ag | 


and if the usual approximations are made 


l WE, S)? , 2(E,.f)? . 
/nf ' - ; 
ns eq m3 l—ag, kT+ 
Lw(E,S)? 1 
6 (l—ag 2 (kT! 
Hence 
l Y 2 l wy ‘ 
M, - — 5 Ey 
te | af 31—ag +3 {- agi 3kTU ag 3 
| which is in agreement with former results [1]. | 
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The dielectric constant is related to My, by the 
fundamental relation 





NMz, 
xluced by e— I] ah 1a 7 


» that the molar polarization becomes [1] 


; {fl af ,2 ay 
p=(e—1)) en{ (5; —agy | 31—ags, , 
“sin 6). 
1 wf 


SRT (—ag, J 


‘Ity along 


' The relation of the polarization of an Onsager cell to 
the orientational partition function Q, is utilized in 
the following section. 

3.2. Binary Mixtures 
The polarization of an ideal mixture is 
Py2=P Ly, +Pxr, 


and for a real mixture 


in which Y, and Y, for the pure components take 
account of the long-range forces of interaction 
(Onsager) and the polarization of mixing AF, 
allows for the specific interactions of nearest neigh- 
bors. An approximate calculation of AP,, can be 
made in the following way. 
Let 
2; = 2.= z=average number of nearest neighbors to 
cells (or clusters) of species 1 and 2, 
respectively, 

#,,—number of cells of species 1 having 
only symmetrical 1-1 bonds, 
“number of cells of species 2 having 
only symmetrical 2-2 bonds, 
#,;—number of cells of species 1 having 7 
unsymmetrical bonds of type 1-2, 
number of cells of species 2 having j 
unsymmetrical bonds of type 2-1. 
Cells of species 1 have a molecule of type 1 at the 
center of the cell, and those of species 2 have a mole- 
cule of type 2 at the center of the cell. Let «,, 
9, @,, and @,, denote the energies of the respec- 
tive types of cells. Then the total configurational 
energy of ./, cells of type 1 and ./, cells of type 2 
can, to a first approximation, be taken as the sum of 

an energy of “chemical” binding 


nm. 
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and an energy of polarization mixing is therefore 
(P) (P) > (P , an (P - . Cy 
é P ad | eee | le shes; el fe =, i T =" 2 AQ,, Yq hh, lo, om a noi) Op aT 


~ 

a wt i / 1» 
and 

—— an 7 { 
ry . . . 
These relations can be used to eliminate ~,, and #4, 
from the expression for & p to give 
C p bye? + AS 4 PTT Gat of 

‘ P P £0 P 
4 D9, ( 2 et ‘50 O pr Ag p- 


The partition function for the system can be 
written 


* * AO p/kT 
1, Pt\2, Pea) f 9 


Q=22rQ,-Qo-9' 
in which Q, and Q, are the partition functions for the 
species 1 and 2, respectively, and contain factors 
which include all contributions to the energy other 
that Aép. The configurational factor g denotes the 


l, 


number of equivalent configurations 
Ms 1, sete Loy jy and re 2702). 


function AQ,, associated with the polarization of 


and to the zeroth approximation can be replaced by 


f . 
AQ, qi h, Is, > oea1 )é SO; ‘T 
in which all variables in A“,, have been replaced by 
average or equilibrium values (denoted by a bar), 
The energies of polarization of the Onsager cells 
appearing in A¢p have the same functional form as 


that evaluated for the Onsager cavity in the case of 








the pure liquid. Hence the average values 7}? and 
‘od 12 
| wi? appearing in 
AE p=siz (wit? —wit) +21 (ent — 73g’) 


can be calculated by the method described under 
| section 3.1, “Preliminary Remarks”. The “excess 
| polarization” associated with the mixing process is 


therefore 


—_—+* — — _—+t — a 
AP,, a | Re R) +0 | Rp, — Rh), 


in which .4, and -4,, depend on the composition not 


for fixed | only through the reaction field, but also through the 
The partition | “effective polarizability” contributed to a cell by 


the bonds to its nearest neighbors. 
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Estimates of 7f, and 7%, can be made by using the 


method introduced by Bethe. The general model 
of the mixture is that consisting of . 4; and —4; mole- 
cules of species 1 and 2, respectively, distributed over 
a lattice of .4—=_4,; +. 49 sites, in such a way that each 
site has z=2z,;—2, nearest neighbors. This shell of 
nearest neighbors about a central molecule defines 
the general boundary of an Onsager cell. Its 
volume, shape, polarizability, and moment need not 
be specified. The method adopted for determining 
mh and FF, is taken from the work of Rushbrooke [5]. 

The statistical weight of all configurations with a 
molecule of species 1 at the center of the complex is 


AP TA) A1Q)', 


in which }, is the absolute activity, 7, the local parti- 
tion function, and the x,, are bond-interaction factors 
of the form e~*"''*?_ The quantity ¢ is an “occu- 
pational factor’? which allows for the interaction of a 
peripheral molecule of a cell with the surrounding 
environment. A similar expression is assigned to 
molecules of species 2: 


t+-€X Ag }? 


(J/2= Aare (ELA 2t'2[Q2]’. 


The statistical weight of the entire assembly is 


V=Q+ Q. 


f taaAgt's } * 
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The equilibrium numbers of molecules of the two 
species are 
%) 
‘ r, ° -In i 
2T l OA, @ 
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A e .° 
A — p M2" Oy, Me» 


+ 
~~ | 


and the numbers of unsymmetrical bonds 2.7 asso- 
ciated with either of the two types of cells are 


—_ / 


“7 0 
Ze = 2 *Di2 dr, Me 


“ 


1A %) 

— +29, =— InQ. 
22 os O72) @ 

The condition that a central and peripheral site are 
equivalent can be expressed by the relation 


0@, , OQ, 
M1 ~~ Or» 


which leads to 
_ [Qe 
[Q.]*~* 
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With the aid of this relation it follows that 
MY f Q,/Q 
V A -Q2/Q, 


and 7 satisfies_the equation of a quasi-chemical 
equilibrium : 


and 


a wae et D990 
(4-2 )(M-F)=F7 ?* 


2 
“12 


where 22.—22,. The solution of this equation is 


P= V-2,29°—— 


l+¥y 


y=v1+42,22(p?—1) 
and 
9 “11422 
Tip 
in which z, and xz, are the mole fractions of the two 
species in the assembly. 

The statistical weight of all cells of species 1 which 
have only symmetrical 1-1 bonds is \,7;(2,,A,2))? and 
the corresponding weight of all cells of species 1 with 
unsymmetrical 1-2 bonds is Q,;—A 7, (2,,2,)?.. Hence 
the numbers of the two classes of cells satisfy the 
relations 


> * F4 
“ ' (Q,] a 
yy (Hyp AyD,)? 
and 
—_ _ 
vei2 1 vii Mi, 


from which it follows that 








at-{1-[1-7T} M,. 


In a similar way the numbers of cells, jx}, of 
species 1 which have 7 unsymmetrical 1-2 bonds 
satisfy the equations 


—()) 
me 12 an f'P 
a 1 


711 
and 
ra? =a, 
so that 
9) a 
—(j)__ 2 4 
m i2 ~ sf? —_ 


The/'? are the terms of degree jin the polynomial that 
expresses the ratio of the statistical weight of all 
cells of species 1 to the weight of all cells of type 
This polynomial is: 


ells 


(fete) 42 ) 
Fy Ai? We a 


¥°2/1+-y 


(Sas) 


The fraction of cells of species 1 for the configuration 
with 7 unsymmetrical bonds is 


( : aftr) 

 - 1—22-2/1+-¥ = FY 

Mio (1+ Lq°2/1 7) 1 ais 
| 1—222/1+y7 
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Similar expressions hold for cells of species 2. 


Thus: 
=f fi-Z] ue 
‘ Vs . 


ot l —2-2/l+y7 
: z-2/1+7_\" 


(14 SS ait 


The required expression for the excess polarization 
now becomes 


and 





— Fy 





*, * 
1 


—1 


— 


70J) es a) - 
M\Pn= Dy PR-P)+ Xi PR-F, 
SS n* = 
> FY PR-A)+ SFP (PR-A), 


in which the AY and Y¥ are the polarizations of 
the Onsager cells corresponding to the j-configura- 
tions for cells of species 1 and 2, respectively. In 
the subsequent analysis of experimental data, the 
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species I that have 1, 2 


quantities PAPY and LFY.7Y are replaced by 


wF 
=S —S 2 e F 
PY and AY, which are the polarizations of the 
corresponding Onsager cells with average configura- 
tions: 2,,.=2)-FY and 2Z,—2)-FY’. 


4. Representation of Experimental Data 


In the preceding discussion it has been assumed 
that all unsymmetrical bonds binding a cell of either 
species to its environment are equivalent. This 
means that 2.—z,,. This assumption obviously 
expresses Only a very crude approximation of the 
interactions in a cluster. Nevertheless, it is doubt- 
ful that the obvious refinement of dividing the bonds 


10 oo 02 


A family of curves representing the de pendence on composition and interaction parameter 
, 


04 06 os LO 
Xe 


p of the fractions of cells of 


> 


3, 4 unsymmetrical bonds. 


to any cell into classes a, 8, with approximately 
equal interaction factors zf—=—2r9); cR=—rf, .. 
compensates for the added complexity. The simpler 
picture is retained in the subsequent discussion of 
special cases. 

The analysis of experimental data is reduced to a 
calculation of the excess polarization of mixing, 
A?,,. In the absence of knowledge of the specific 
properties of the clusters occurring in a given mixture, 
such as volume, shape, bond energies, and bond 
polarizabilities, the calculation becomes one of ad- 
justing the values of selected parameters. This 
adjustment can be done in a number of ways, but 
the general procedure adopted was first to choose 
characteristic bond polarizabilities rY} =r and aver- 
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FIGURE 13. 


Dielectric polarizations of chloroform-ether and chloroform-acetone mixtures. 


(a) D. P. Earp and 8, Glasstone, J, Chem, Soc, 1935, 1709; (b) D. P. Earp and 8. Glasstone, J. Chem. Soc, 1935, 1709. 
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age bond interaction factors 2% ry and then, if an 
additional adjustment was necessary, to allow the 
shapes of the cells to vary with the composition of 
the boundary of the cell. ” 

For the simplest case all unsymmetrical bonds are 
equivalent and the eccentricities of cells of types 
“1, and *#., are those of the pure species. The 
determination of 7. is most easily made from the 
deviations observed at great dilution. At one end 
of the concentration scale Z,,=1 and Z,,—z; at the 
other end 2,.—z2 and 2,,=1. At either end the value 
of APY, is very insensitive to the values of the 
interaction factors 2,;, %22, and 2», and these factors 
can be eliminated by setting them equal to unity 
(equivalent to setting the bond-interaction energies 
equal to zero). Moreover, the contribution to AA, 





from cells of the component present in small amount 


335 


X» (ACE TONE) 


becomes negligible at high dilution. Hence, in 
principle, one calculation suffices to determine 7». 
The value of the interaction function p?=2),7%/r3 
is now fixed by the value of AY, at any arbitrary 
concentration, though preferably at the concentra- 
tion for which A/,, is near a Maximum. 

In more complex cases, the eccentricities of the 
cells in the mixtures are functions of composition. 
Although in these cases the direct calculation of the 
eccentricities of the various kinds of cells, and of 
the characteristic Mean interaction parameter is, in 
principle, possible, it is doubtful if the data warrant 
such a detailed calculation. The values given for 
these characteristics for any mixture were determined 
by trial. The method of adjusting these values was 
as follows: Estimates of the mean eccentricity of cells 
of type *,, (or %;) were made on the assumption 
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that the eccentricity of any species of cell varied in 
approximately a linear manner with the number of 
unsymmetrical bonds. Values were then calculated 
for a composition near that corresponding to a maxi- 
mum A:%,,, and the value of p was adjusted to give 
the observed value of A‘Y,. The mean eccentrici- 
ties for other concentrations were determined by 
trial. 

In the more general case there are several classes 
of bonds, each class distinguished by an interaction 
factor such as rf. This distinction of classes is 
neglected in the calculation of (1) the average num- 
ber of cells of a given kind, and (2) the average num- 
ber of unsymmetrical bonds to that cell; but some 
distinction of classes is recognized in the calculation 
of the polarizability characteristic of a given cell. 
In fact each class of bonds is assigned (a) a character- 
istic bond polarizability, and (b) a position on a 
scale of relative bond-strengths. The latter permits 
the determination of the structure of the periphery 


of a cell for a given 2,2 (or Z,,), and in conjunction 
| with the former, allows the calculation of the effective 


| polarizability of the cell. 


| 4.1. Mixtures of Water and Alcohols 

The calculations of mean eccentricities for cells of 
tvpe *,, and *,, were made under the following 
| simplifying assumptions; (a) z=4 (one C-H .. . O 


and three O—-H O bonds), (b) 2 =2y, and 
| (e) p* | (except for -Bu OH). The choice of z=4 
| for the alcohols differs from the value, z=3, chosen 


| for the pure liquids and implies that for the purpose 

of calculating the relative numbers of cells of various 
types, the interaction parameters for all bonds to 
| the alcohol cells are equal, that is 2o_n, .. o= 
|%o-n...o- This assumption cannot be true, but 
in view of the crudeness of the model and the gain 
in simplicity of treatment for the symmetrical case, 
| its adoption is justified for the calculation of effective 
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The calculated eccentricities are relatively insensitive 
to values of p for which p?’< <1 so that for these cases 
—N@ 04, >8RT(4.8 K cal at 25° C). 

In the calculation of the “effective polarizability”’ 
of the average cell of either species, two additional 
assumptions are made: (d) bonds of type C-H .. . O 
do not contribute to the polarizability, and (e) the 
interaction parameters and are 


various 
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“sufficiently” different so that O—H . . . O bonds 
are saturated before C—H . . . O bonds are formed. 
Assumptions (b) and (e) are actually contradictory, 
but in view of the simplification effected they can 
be taken as compatible for the two types of calcula- 
tion. Under these restrictions the polarizability of 
a water cell (species 1) is 


Ret=RP+ 


= RY’ —Z,2(r71—T12) 


{219 at (2—212)71} 


—_ pw _s 
= RY —2)2bri2, 
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in which 7, and rj, are the bond polarizabilities of the TABLE 3. Calculated Parameters 
symmetrical 1-1 and unsymmetrical 1-2 bonds, | 
respectively, and Z,., the mean number of unsym- | Substance ér ri: e-1 | Neon 
metrical bonds to a cell, can take the values 1 to 4. | 
A similar expression holds for the alcohol cells — a eee | oo ae - 
(species 2) with the difference that z is effectively 3 H,0... 0 (2.2 C 0 
and Z,, can take the values 1 to 3. The polarizabil- EtOH 0.21 1. 62 ; 4.8 
ities of symmetrical bonds at any temperature were | 20 0. 62 
determined from the values of /, given in figure 3. | 1:0. 0.73 a | a 
- e . ° ° | ‘ -0. 75 
Characteristic parameters are given in tables 2 | - . 
and 3. The general results of the calculations are (Bud 1.05 1.23 0.7 La 


summarized in figures 5 and 6. All molar polariza- 


tions have been reduced by an arbitrary factor of | 


1/4.4. Inthese figures A is the polarization calcu- 
lated on the assumption that the shape and polar- 
izability of each cell is that of the pure component, 
PS is the experimental value of the polarization, 
and AY,=AY—A se". The dependence of cell 
eccentricity On composition is represented in figures 
7 and 8. 


wi2 M12 


125 f ’ { 
and Fj? on z, and p are given in figures 9 to 12. 
The corresponding curves for component 2 can be 
obtained by reflecting these curves in the plane 
0.5. 


Curves representing the dependence of 


I2 


i 
| 
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4.2. Binary Mixtures of Chloroform With Ether and 
Chloroform With Acetone 


On general physical grounds, both mixtures are 
expected to show evidence of hydrogen bonding. 
The data are graphically represented in figure 18 
and the agreement between A-7,,%* and AP," 1s 
shown in figure 14. Because of the dissimilarity in 
molecular constitution and structure, the shape of 
any cell should depend on the composition of its 
periphery. The variations of the eccentricities with 
the average number of unsymmetrical bonds and 
with the composition of the mixture are shown m 
figures 15 and 16. Selected parameters are given 1D 


table 4. 
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The behavior of the systems bromoform-ether and 


bromoform-isopropy] 
chloroform-ether syst¢ 


TABLE 4. 
Substance or 

cm hond mole 
Chioeroform 4 
Ether 4 


Chloroform l 
Acetone l 


4.3. Binary Mixtures 


ether parallels that of the 
‘m. 


Calculated parameters 


r p- 1 N@ooit 
cm%ond~' mole kcal/mole 
4 0.90 2.8 
l 0. 90 2.8 


of Alcohol With Ether and 


Alcohol With Acetone 


For these related m 


ixtures the signs of the polari- 


| zation of mixing are opposite. The data are graph- 








| 


| 
| 


Naturforsch. [A] 4, 368 (1949). 


ically represented in figure 17 and the agreement 
between AP,,°* and AY,,"* is shown in figure 18. 
The parameters selected to reproduce this behavior 
are given in table 5. In comparison with table 4 
these values appear quite reasonable and illustrate 
the flexibility inherent in the simple electrostatic 
picture. Variations in the shape of the character- 
istic cells are shown in figures 19 and 20. 


TaBLe 5. Calculated parameters 


~ 


= | 
fe pl | Neen | 


Substance 6ri2 


kcal/mole 


cm*hond-'mole—! | cm*ond-'mole~! » 
Etou 3.00 4. 80 —0. 90 —2.8 
Ether 4.80 sancheuseneee = - | onsen » | 
Etou —0.7 1.10 —0. 0 —(). 84 
Acetone ] 1.1 . eeeesce 
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gz 06 rameters of shape and bond polarizability. It appears, 
z however, that the selections made are not unreason- 
S 04 able, and if they are accepted with this reservation, 
WwW 


°o 
ad 








0.0 








oo 


FIGURE Dependence of the shape of cells of types ni. and 
zen, On the mean number of unsymmetrical bonds to a cell. 


4.4. Mixtures of Carbon Tetrachloride and the 
Simple Alcohols 


The behavior of these systems is shown in figures 
21 and 22. The system n-C,H,OH-CCL, is the only 
one treated in detail. Parameters and their depend- 
ence On composition are given in figure 23. The 
general similarity of the remaining systems suggests 
that the other mixtures are amenable to the same 
type of treatment. 


4.5. Mixture of Water With Dioxane 


This system could be expected to have a behavior 
somewhat between the water-alcohol systems and 
the alcohol-ether system. Its behavior repre- 
sented in figure 24. 


IS 





the agreement between theory and _ experiment 
can be considered quite satisfactory. In the case of 
certain mixtures the rather irregular behavior of the 
eccentricity of the average cell as a function of the 
composition of the solution is, in part, due to the 
fact that all calculations were made on the original 
data. The use of data smoothed to eliminate 
spurious deviations would undoubtedly improve the 
regularity in the behavior of this characteristic. 

The general utility of the method of analysis 
described lies in the fact that it offers an independent 
method for obtaining important information on 
molecular interactions within liquids. A careful 
study of a selected series of related mixtures should 
provide relative values of bond strengths and stabili- 
ties of molecular clusters. These quantities may be 
useful in correlating related macroscopic and molecu- 
lar properties, such as relative acidity and basicity 
of groups, mutual solubilities, vapor pressures, and 
viscostities. Such investigations in which adequate 
attention has been given to purity of materials and 
accuracy Of measurement are very few. 

The bond polarizabilities r,., interaction parame- 
ters p, and the predominant features of the curve 
representing the polarization as a function of the 
composition are summarized in table 6. The re 


sults are tentative, and since values and trends may | 
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and zen on the mean composition of the mixture. 























Type of bond 


TABLE 6. Summary of cell characteristics 


Mixture 


Dioxane-water 
Methy] alcohol-water 
Ethy! alcohol-water - - 
n-Propy] alcohol-water 
t-Buty] alcohol-water 
|| Ether-ethy] alcohol 
|\Acetone-ethy] alcohol 


t-Buty] alcohol-carbon tetrachloride 


{Ether-chloroform - _ Saakiiea 


|) Acetone-chloroform - . 

















Xp (1,4 - DIOXANE ) 


Polarization characteristic 


a 
eee 
.| Minimum 
_.| Minimum 
| Minimum 
Maximum. - 
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Maximum and minimum 
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Maximum eee aS 
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be significantly altered by the choice of different 
models, speculations based on the results obtained 
for this limited number and variety of systems are 
probably premature. 

It is noticed that the contribution of the CH ...O 
bond to the polarizability is considerably larger in 
the mixtures of ether and chloroform than in those 
of acetone and chloroform. This large difference in- 
dicates either a failure of the rather crude model that 
has been used in the analysis, or that additional re- 
finements in the treatment must be introduced in 
order to take adequate account of the specific nature 
of bond interactions. 

Clues to the existence and character of the com- 
plexes in mixtures may be found in the excess 
(static) dielectric polarization, but conclusive evi- 
dence should beYprovided by their dielectric absorp- 
tion spectra. These data should yield important 
information on the number, type, and lifetimes of 
the various complexes which are often assumed to 
play a significant role in chemical reactions. Data 
of this kind are not available. 


342 








6. References 


[1] F. Buckley and A. A. Maryott, J. Research NBS §3, ond 


(1954) RP2539. 
[2] G. Akerlof, J. Am. Chem. Soc. 54, 4125 (1932). 
[3] G C Akerlof and H. I. Oshry, J. Am. Chem. Soe. 72, 2844 
(1950). ' 
[4] J. K. Fogo, 8S. W. Benson, and C. 8. Copeland, J. Chen, 


Phys. 22, 209 (1954). 
[5] G. S. Rushbrooke, Proce. Roy. Soe. (London) [A] 166, 2% 


(1938). ‘ 





WasuHineton, May 23, 1957. 





FFICE: 1958 





BS 53, 24 


932). 
Dc. 72, 2844 


i, J. ( ‘hem, 
A] 166, 296 


7 














24958 





SSeS es Ontae aS sOostrov oe eh eomecee- Sven soaeee 
ore iasaiee! tagger we ee ee cnggpe ee eae ae 


Seal fg ESC tears = 





























































THE NATIONAL BUREAU OF STA 


te of the National Bureau of Standards at its” 
jor laboratories in Boulder, Colorado, is suggested in the 
engaged in technical work. In general, each section carries out 
in the field indicated by its title. A brief description of the 
on the inside of the front cover. 


WASHINGTON, D. C. 
Electricity and Electronics. Resistance and Reactance. Electron Devices. 
netic Measurements. Dielectrics. Engineering Electronics. Electronic Instr 
ee eerie Licindiats ee and Colorimetry. Optical Instruments. — 
Length. Engineering etrology 

Heat. Temperature Physics. Thermodynamics. Cryogenic Physics. al 
Research. 


Atomic and Radiation Ph - Radiometry. 
Electron Physics. Atomic Physics. Neutron Radian Tory. oa yo. rs. High i 
ergy Radiation. Nucleonic inreaaseailien” "ae ae SA 


Ghastry’” Eloctrodeposition oor es Cen. Anal eareey. Tansee 
Specteedenedlin: 


chemistry. 

Mechanics. Sound. steskuaiied ediiaeaaie Fluid Mechanics. Engineering Mechanics. Man snd Sr 
Capacity, Density, and Fluid Meters. Combustion Controls. Py 
Organic and Fibrous Materials. Rubber. Textiles. Paper. Leather. ‘Testing and § 

Polymer Structure. Plastics. Dental Research. ie 
Metallurgy. Thermal Metallurgy. Chemical Metallurgy. Mechanical Metallurgy. 
Physics. 

Mineral Products. Engineering Ceramics, Glass. Refractories. Enameled Metals. 
Constitution and Microstructure. 

Building Technology. Structural Engineering. Fire Protection. Air Conditioning, E 
tion. Floor, Roof, and Wall Coverings. Codes and Safety Standards. Heat Transfer. — 
Applied Mathematics. Numerical Analysis. Computation. Statistical Engineering. 
Data Processing Systems. SEAC Group. caer at: and Techniques. Digital | 
Digital Systems. Analog Systems. Application ae 

+ Office of Basic Instrumentation. « Office of Wh nd Moan 
- BOULDER, COLORADO 

is wor Engineering. Cryogenic Equipment. Cryogenic Processes. Properties of M 

7 refaction. * : 
Radio Propagation Physics. U Atmosphere Research. Ionospheric Research. — | 
Services. Sun-Earth Relationships. VF Research. Tonospheric Communication System. 
Radio Propagation Engineering. Data Reduction Instrumentation. Modulation Sys 
Systems. Radio Noise. Tropospheric Measurements. Tropospheric Analysis. Radio 
7 = raat gy Radio Meteorology. | | 
Radio Standards. High Frequency Electrical Standards. Radio Broadcast Service. H 
pedance Standards. Electeeatis Calibration Center. Microwave Physics. Microwave C 


Recent Publications of the National Bureau of Standards 


Periodicals irs 

Journal of Research of the National Bureau of Standards, Supplement to C440. Viscosities of 1 
Volume 61, No. 2, August 1958 (RP2886 to 2893 incl.). 60 _ temperatures: tables of t 
cents. Annual subscription $5.00, $1.75 additional for foreign Supplement to 
mailing. 

Technical News Bulletin, Volume 42, No. 8, August 1958. 10 
cents. Annual subscription $1.50, 75 cents additional for 
foreign mailing. = 

Basic Radio Propagation Predictions for November 1958. Three Available from the 
months in advance. CRPL-D 168. Issued August 1958, ment Printing pot 

10 cents. Annual subscription $1.00, 50 cents additional for although no reduction in rates can be ma 4 






t ag 


PENALTY FOR PRIVATE USE To 
PAYMENT OF fot Rn 





Journal of Research of the National Bureau of Standards 


Contents 


Scomegernory system calcium oxide-monocalcium aluminate 
(CaO-Al,O;)-dicalcium ferrite (2CaO-Fe,O;). Terry F. Newkirk and 
R. D. Thwaite. RP2900 


Heats of formation of diborane and pentaborane. Edward J. Prosen, 
Walter H. Johnson, and Florence Y. Pergiel. RP2901 


Temperature of the inversion in cristobalite. Raymond F. Walker, 
Samuel Zerfoss, Sylvanus F. Holley, and Lucy J. Gross. RP2902 


Infrared emission spectra of flames under high resolution. Earle K. 
Plyler and Eugene D. Tidwell. RP2903 


description of hafnium spectra. Charles H. Corliss and 
W F. Meggers. RP2904 


Dielectric constant of hydrogen-bonded liquids. Floyd ioe 


[A list of recent NBS publications is given on page 3 of the cover.] 





For sale by the Superintendent of Documents, U. S. Government Printing Office, Washington 25, D.C. Price 60 oonts (single 6 
Subscription price: $5.00 a year; $1.75 additional for foreign mailing. é 


UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1958 





